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Abstract

Oxytocin (OT) is a peptide hormone and neurotransmitter involved in various biological
functions through interacting with its cognate G protein-coupled receptors. In humans and other
mammals, one oxytocin and three closely related vasopressin receptors such as Via, Vi, and Vo.
Oxytocin is a cyclic nonapeptide with a disulphide bond between Cys' and Cys®.
The biomedical use of oxytocin is limited by its short half-life in vivo and by the low receptor
selectivity. However, the design and synthesis of OT-derived analogues can be interesting for
imaging applications and targeting various diseases. The presented studies aim to increase the
stability of oxytocin by replacing the disulphide bridge with the stable and more rigid
1H-[1,2,3]triazol-1-yl moiety. In this context, the Cu(l)-catalysed side chain-to-side chain
azide-alkyne 1,3-cycloaddition (CUAAC) macrocyclisation strategy was employed to stabilise
B-turns secondary structures. This doctoral dissertation reports the design, synthesis,
conformational analysis, and in vitro pharmacological activity of a series of Cal-to-Ca® side
chain-to-side chain 1H-[1,2,3]triazol-1-yl-containing oxytocin analogues differing in the length
of the bridge and the orientation and location of the linking moieties. By developing this
macrocyclisation method, it was possible to produce a series of compounds that provided
attractive insight into the structure-conformation-function relationship.

Moreover, the secondary structure of peptides or proteins plays a crucial function in their
bioactivity. In this sense, Myelin Basic Protein (MBP) peptides have been synthesised and
played a significant role in effectively recognising IgM antibodies in Multiple Sclerosis
(MuSc). MuSc is a demyelinating, neuroinflammatory, autoimmune disease that attacks the
central nervous system (CNS). Genetic and environmental aspects, e.g., viral and bacterial
infections, participate in this process. The MBP is an intrinsically disordered protein
demonstrating an interesting a-helix motif, which can be considered a conformational epitope.
This PhD thesis investigated the role of the sequences and structures of synthetic MBP peptides
that have been used to identify specific antibodies in Multiple Sclerosis patient sera. Therefore,
the studies of the relationship between the secondary structure and the bioactivity of the series

of MBP peptides are discussed.
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Streszczenie

Oksytocyna (OT) jest hormonem peptydowym i neuroprzekaznikiem zaangazowanym
w réznorodne funkcje biologiczne poprzez interakcje z pokrewnymi receptorami sprzgzonymi
z biatkiem G. U ludzi i innych ssakéw wystepuje jeden receptor oksytocyny i trzy blisko
spokrewnione receptory wazopresyny, takie jak Via, V1o i V2. Oksytocyna jest cyklicznym
nonapeptydem z wiazaniem disulfidowym pomiedzy Cys® i Cys®. Biomedyczne zastosowanie
oksytocyny jest ograniczone przez jej krotki okres pottrwania in vivo oraz niska selektywnos¢
receptorowa. Jednak projektowanie i synteza analogow wywodzacych si¢ z OT moze by¢
interesujaca migdzy innymi do obrazowania oraz zwalczaniu roznorakich chorob.
Przedstawione w niniejszej rozprawie doktorskiej badania majg na celu zwigkszenie stabilnosci
oksytocyny poprzez zastgpienie mostka disulfidowego stabilnym 1 sztywniejszym
ugrupowaniem 1H-[1,2,3]triazol-1-ilowym. W tym kontekScie zastosowano strategi¢
makrocyklizacji tancuchéw bocznych azydka, katalizowanych przez jony Cu(l), do tancuchéw
bocznych alkinu w 1,3-cykloaddycji (CuAAC) w celu ustabilizowania struktur
drugorzedowych B-kartek. W tejze pracy doktorskiej przedstawiono projektowanie, syntezg,
analize preferencji konformacyjnych oraz aktywnos$¢ farmakologiczng in vitro analogow
oksytocyny roznigcych si¢ dilugoscia, orientacja oraz rozmiarem mostka triazolowego.
Dzigki opracowaniu odpowiedniej metody makrocyklizacji mozliwe bylo utworzenie serii
zwigzkow, ktore dostarczyly ciekawych informacji na temat zaleznosci struktura chemiczna,
a funkcja biologiczna.

Ponadto, drugorzedowa struktura peptydow lub bialek odgrywa kluczowa rolg w ich
bioaktywnosci. W tym celu zsyntetyzowano peptydy zasadowego biatka mieliny (MBP), ktore
odgrywaja znaczacg funkcje w skutecznym rozpoznawaniu przeciwcial IgM w stwardnieniu
rozsianym (MuSc). MuSc jest chorobg demielinizacyjng, ktéra atakuje osrodkowy uktad
nerwowy. W tym procesie biorg udzial aspekty genetyczne jak i srodowiskowe, np. infekcje
wirusowe 1 bakteryjne. MBP jest wewnetrznie nieuporzadkowanym biatkiem wykazujacym
interesujacy motyw a-helisy, ktory mozna uznaé za epitop konformacyjny. W niniejszej pracy
doktorskiej zbadano role sekwencji 1 struktur drugorzgdowych serii syntetycznych peptydoéw
MBP, ktore zostaly uzyte do identyfikacji swoistych przeciwciat w surowicach pacjentow ze
stwardnieniem rozsianym. Wobec powyzszego omowiono badania zalezno$ci mi¢dzy strukturg

drugorzedowa, a bioaktywnoscig serii peptydow MBP.
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Riassunto

L'ossitocina (OT) € un ormone peptidico € un neurotrasmettitore coinvolto in varie funzioni
biologiche attraverso l'interazione con i suoi recettori accoppiati a proteine G. Nell'uomo e in
altri mammiferi, 1’ossitocina e tre recettori della vasopressina sono strettamente correlati come
V1a, Vb € V2. L'ossitocina ¢ un nonapeptide ciclico con un legame disolfuro tra Cys* e Cys®.
L'uso biomedico dell'ossitocina € limitato dalla sua breve emivita in vivo e dalla bassa selettivita
recettoriale. Tuttavia, la progettazione e la sintesi di analoghi derivati da OT potrebbero essere
interessanti per applicazioni di imaging e mirare a varie malattie. Gli studi presentati mirano ad
aumentare la stabilita dell'ossitocina sostituendo il ponte disolfuro con la funzione
1H-[1,2,3]triazol-1-ile stabile e piu rigida. In questo contesto, la strategia di macrociclizzazione
catalizzata da Cu(l) mediante la reazione azide-alchino 1,3-cicloaddizione (CuAAC) ¢ stata
impiegata per stabilizzare le strutture secondarie p-turn. In questa tesi di dottorato, ¢ stato
riportato il disegno, la sintesi, I'analisi conformazionale e l'attivita farmacologica in vitro di una
serie di analoghi Co!-to-Ca® 1H-[1,2,3]triazol-1-yl dell'ossitocina che differiscono per la
lunghezza del ponte e I'orientamento e la posizione delle funzioni di collegamento. Sviluppando
questo metodo di macrociclizzazione, € stato possibile ottenere una serie di composti che hanno
fornito interessanti informazioni sulla correlazione tra struttura e funzione.

Inoltre, la struttura secondaria dei peptidi o delle proteine svolge una funzione cruciale nella
loro bioattivita. In questo senso, sono stati sintetizzati i peptidi della proteina basica della
mielina (MBP) che svolgono un ruolo significativo nel riconoscimento efficace degli anticorpi
IgM nella sclerosi multipla (MuSc). MuSc ¢ una malattia demielinizzante, neuroinfiammatoria,
autoimmune che attacca il sistema nervoso centrale. A questo processo contribuiscono fattori
genetici e ambientali, ad esempio infezioni virali e batteriche. MBP ¢ una proteina
intrinsecamente disordinata che dimostra un interessante motivo ad a-elica, che puod essere
considerato un epitopo conformazionale. Questa tesi di dottorato ha indagato il ruolo delle
sequenze e delle strutture di una serie di peptidi sintetici di MBP che sono stati utilizzati per
identificare anticorpi specifici nei sieri dei pazienti affetti da sclerosi multipla. Pertanto,
vengono discussi gli studi sulla relazione tra la struttura secondaria e la bioattivita della serie di

peptidi di MBP.
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List of abbreviations

1D One-Dimensional

2D Two-Dimensional

3D Three-Dimensional

Abs Antibodies
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AgAAC Silver(l)-catalysed Azide-Alkyne Cycloaddition
Ags Antigens

AMP Antimicrobial Peptide
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AVP Vasopressin
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CNS Central Nervous System
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CSF Cerebrospinal Fluid
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DFT Density Functional Theory
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DMF Dimethylformamide
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ELISA Enzyme-Linked Immunosorbent Assay

EPR Electron Paramagnetic Resonance
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1 INTRODUCTION

Peptides play a significant role in several biological functions and a great interest in
chemical, pharmaceutical, and biochemical studies [1]. Treatments based on synthetic peptides
are relevant in the drug market due to their abundant properties. Peptides can penetrate tissues
and organs because of their small size. Moreover, this group of chemical compounds has limited
immunogenic activity, and their synthesis is becoming more and more inexpensive and
effortless [2].

Furthermore, the usage of peptides as drugs is reduced by susceptibility to proteases,
liability under unusual acid-base and oxidation-reduction conditions, and their exceeding
conformational flexibility. In general, peptides are flexible molecules that adopt various
dynamically equilibrating forms, although they can only assume a single specific one when
bound to their related target [1].

The unique folding and conformation management triggers bioactivity. This essential
subject in pharmacology is named the structure-activity relationship (SAR) study. Determining
the connection with the activity of biologically relevant peptides, e.g., hormones
and the conformation, is of interest in designing selective and effective antagonists or agonists
that can be applied as pharmacological investigations or drug candidates [2].

Likewise, the development of chemically modified peptides, generally named
peptidomimetics, achieved rising value in recent years [3]. Peptidomimetics are molecules that
can mimic natural peptides and proteins. Structures of peptidomimetics can maintain
the capability for interactions with the biological targets and demonstrate identical in vivo
effects of the corresponding unmodified peptides [4].

The other significant issue of peptides or proteins is their conformational preferences. It is
known that there exist four types of structures. This doctoral thesis highlights the leading role
of secondary structure, especially a-helix or [-turn conformation, in peptides and
peptidomimetics.

Moreover, intramolecular side chain-to-side chain cyclisation is a popular approach to
increase resistance toward proteolytic degradation, stabilise the bioactive conformations,
improve metabolic stability in vivo and in vitro and develop additional vital properties such as
bioavailability, pharmacodynamics, and pharmacokinetics [2,5]. Intramolecular side
chain-to-side chain cyclisation through bridges also consists of those formed by the Red-Ox
susceptible and hydrophobic disulphide bonds between cysteine residues, the polar lactams,
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and all the hydrophobic stable rings. Cyclopeptides possess protein-like epitopes
with controlled conformational flexibility, which can directly mimic the bioactive conformation
and reduce the entropic effect of binding to its biological target [2].

The cyclisation of bioactive linear peptides has been effectively proven, for instance,
to increase antagonist or agonist potency, prolong biological activity, develop
pharmacokinetics, and increase receptor specificity. These characteristics enhance the unique
component, presenting as ensembles of conformers in dynamic steady-state equilibrium [6].

In this sense, the "click chemistry" reaction, especially the Cu'-catalysed azide-alkyne
1,3-dipolar cycloaddition, well-known as a copper-catalysed Huisgen cycloaddition (CUAAC),
shows an attractive opportunity to generate a novel concept for producing cyclopeptides
via an intramolecular side chain-to-side chain cyclisation [7].

Numerous studies led to the suggestion that the 1,4- and 4,1-disubstituted [1,2,3]-triazolyl
moieties can be used as a surrogate for amide bonds and for substitution of peptide bonds
for forming isosteric and heterodetic pseudo peptide bonds. The attractive disulphide and
peptide bond mimetic, presented by the 1,4- or 4,1-disubstituted [1,2,3]-triazolyl moieties,
require improved chemical and metabolic stability compared to the disulphide bonds.

With this idea in mind, the presented study aims to define secondary structural motifs
essential for the biological activity of a series of peptides, such as synthetic Myelin Basic
Protein (MBP) peptides that have been used to identify specific antibodies in Multiple Sclerosis
patient sera, and peptidomimetics such as analogues of oxytocin in which the disulphide bridges

have been replaced by the [1,2,3]-triazolyl moieties to improve selectivity and stability.
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2 LITERATURE REVIEW

2.1 Characterisation of oxytocin

2.1.1 Oxytocin in organism

Oxytocin is an endogenous cyclo-nonapeptide hormone produced in the hypothalamus
and secreted into the bloodstream by the posterior pituitary gland [8]. This peptide is recognised
for its hormonal role in parturition and lactation. OT is present in the hypothalamic
neurohypophyseal system and in other regions of the central nervous system (CNS) [9].
It displays diverse biological effects on contractile and membrane-transport phenomena [1,8].
The fact that OT is found in corresponding concentrations in the plasma and neurohypophysis
of both sexes indicates that OT possesses numerous physiological functions [10].
The morphological, electrophysiological, neurochemical, and behavioural studies show that OT
plays a significant role in several central functions such as maternal and sexual behaviour,
memory and learning procedures, yawning, feeding, grooming, thermoregulation,
cardiovascular regulation, or stress-related disorders [9]. It is able to regulate various
physiological functions, such as milk ejection or uterine contractions. OT can interfere with salt
and water balance. Furthermore, OT is clinically managed to control postpartum haemorrhage
and stimulate labour. It retains a short half-life in vivo, approximately 2-5 minutes,
and is administered to patients intravenously [11,12].

It is worth mentioning that OT is not only selective for the oxytocin receptor (OTR). It also
interacts with related vasopressin (AVP) receptors such as V1a, V1, and V2 [13].

The design and synthesis of analogues of OT, their agonists or antagonists, could be
fascinating for targeting a wide array of pathologies, for instance, cancer, pain, autism,

premature parturition, or anxiety-related disorders [1,8].
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2.1.2 Chemical structure of oxytocin

The peptide chain of OT consists of nine amino acid residues:
St,S8-cyclo(C-Y-1-Q-N-C)-P-L-G-NH: (Figure 1). The chemical structure of OT is comparable
to a different nonapeptide, vasopressin. AVP differs from OT by two amino acid residues -
isoleucine in OT, phenylalanine in AVP at the third position, and leucine in OT, arginine in
AVP at the eighth position [14]. The sequence of OT is characterised by a disulphide bridge
between Cys! and Cys®, forming a 20-membered ring, which is essential for functional activity
and binding to OTR [15].

2 ‘ﬁ_ﬁo
N?,NH NH O o
WNH
$ NH 2
N ;
NH
HN NH
0 o}
HO

Figure 1 The chemical structure of oxytocin [14].

Oxytocin preferentially adopts a type I B-turn conformation in water, centred on lle3-GIn*

residues. In contrast, the predominant conformations presented both in crystal structure
and DMSO solution are type Il B-turn stabilised by a hydrogen bond between C=0 of Tyr?
and N-H of Asn®, and type 111 B-turn, which is stabilised by a hydrogen bond between C=0 of
Cys®, and N-H of Gly®. Another hydrogen bond between C=0 of the Asn® side chain and N-H
of Leu® is observed in DMSO [16-20].
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2.1.3 Receptor of oxytocin

The human oxytocin receptor has particular interest for its role as a potential therapeutic
target in a wide array of behavioural and physiological disorders [21]. It is expressed in the
uterus, ovary, brain, heart, mammary gland, kidney, bones, and endothelial cells. OTR mediates
uterine contractions and the oxytocic effect of OT in the uterus [10]. The significant impacts
of OT remain the focus of scrutiny in animals [22-26] and humans [27-33] as a potential
therapeutic agent for the treatment of autism and other anxiety disorders [34].

The OTR can bind endogenous ligands, i.e., oxytocin, with an affinity of approximately
1-10 nM [35] and AVP, with an affinity of about 100 nM-1 uM [35]. Apart from OT, other
molecules, such as AVP and oxytocin antagonists or agonists, are able to bind to the OTR
because of their similarities in peptide chains [36].

The gene of the OTR is located in a single copy on chromosome 3p25 and contains four
exons and three introns [36]. OTR belongs to the rhodopsin-type (class I) G protein-coupled
receptor (GPCR) family and is coupled to phospholipase C [10].

The seven transmembrane o-helices are most conserved among the GPCR family
representatives. Preserved amino acid residues among the GPCRs may be involved in a standard
method for transducing signals and activating the G protein [10]. In the first class of the GPCR
family, the aspartic acid in transmembrane domain two (Asp®® in human OTR), a tripeptide part
(E/D RY) at the interface of transmembrane two, and the initial intracellular loop is supposed
to be essential for activation of the receptor [37]. In respect of Asp®, this theory was developed
for the human OTR. When Asp® can be replaced by other amino acid residues, e.g., asparagine,
glutamine, or alanine, the receptors signal transduction, and agonist binding reduces [38,39].

Modification at the tripeptide motif DRY (DRC in case of the OTR) effect in either inactive
or a constitutively active OTR [38]. In the first and second extracellular loops, the cysteine
residues are connected by a disulphide bridge and protected within the GPCR family. The other
two well-conserved cysteine residues belong to the COOH-terminal domain [10].

Furthermore, the OTR has two (in mice and rats) or three (in humans, rhesus monkeys,
bovines, sheep, and pigs) potential N-glycosylation sites (N-X-S/T consensus motif) in its
extracellular H2N-terminal domain [10]. Therefore, OTR is generally used as a target for
the development of tocolytics, and the only drugs established in particular for the management

of preterm labour are the OTR antagonists [40].
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2.1.4 Oxytocin receptor agonists

Agonists of oxytocin receptors have been studied as pharmacological agents or prospective
treatments for the management of neuropsychiatric diseases, for instance, anxiety-related
disorders, autism, or schizophrenia. In the literature, there are many examples of OTR agonists,
which may be peptides such as [Thr*]OT, [HOY[Thr*]OT, [Thr*,Gly’]OT, [HO][Thr*,Gly’]OT
or non-peptides, i.e., WAY-267464 [41-44].

Synthetic OT is applied to accelerate labour and treat postpartum haemorrhage.
Demoxytocin is an oxytocin analogue used for inducing labour, though it is less effective than
prostaglandins [45]. Another synthetic peptide analogue of oxytocin, Carbetocin, is specified
for the inhibition of atony of the uterus after caesarean section with epidural or spinal
anaesthesia. This molecule possesses a longer half-life than natural OT and can be administered

in a single dose, intravenously or intramuscularly [46].

2.1.5 Oxytocin antagonists as tocolytic agents

The therapeutic target in treating preterm labour is the pharmacological inhibition of uterine
contractions using numerous tocolytic factors. They are applied to support pregnancy for 24 to
48 hours to enable corticosteroid administration to act and to allow the transfer of the mother
to a centre with a neonatal intensive care unit. Ritodrine, nitric oxide, calcium-channel blocker
donors such as glyceryl trinitrate, and COX-2 inhibitors, i.e., Indomethacin, are some available
tocolytics [47].

2.1.5.1 Peptide antagonists of oxytocin receptor

Selective human oxytocin receptor antagonists have been synthesised as tocolytic agents
for managing preterm labour [36].

Due to their increased specificity to the uterus, OTR antagonists such as Atosiban
(deamino-[D-Tyr?-(0-ethyl)-Thr*-Orn®]vasotocin) can behave as a suppressant of contractions
with advanced safety profiles [48]. Atosiban is an AVP V1. receptor antagonist with a lower

affinity for the OTR. Its action system is via dose-dependent inhibition of OT-mediated increase
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in intracellular calcium levels, which requires the closing of voltage-gated channels to inhibit
calcium influx [49]. Atosiban has been accepted for treatment in Europe of premature labour.
However, it is administered through a bolus injection followed by an infusion and is not
indicated for dosing beyond 48 hours [48]. Atosiban is safer than B-receptor agonists and is
comparable in clinical efficacy to conventional p-agonist therapy such as Ritodrine,
Terbutaline, or Salbutamol. However, it is better tolerated and is related to fewer maternal
cardiovascular side effects [36].

On the other hand, Atosiban presents some disadvantages when applied as a tocolytic.
It requires parenteral administration and hospitalisation, possessing limited bioavailability
and low affinity of the OTR. Moreover, it is an antagonist for the V1a receptors that cause side
effects. Demonstrated limitations have led to efforts for the discovery of innovative peptide
and non-peptide antagonists of OT for managing preterm labour [41].

Several highly selective OT peptide antagonists have been designed and synthesised,
for instance, d(CH2)s[Tyr(Me)?]OVT, desGly-NHz,d(CHa)s[Tyr(Me)? Thr*]OVT,
desGly-NHz,d(CH2)s[D-Tyr?, Thr*]OVT, d(CHa)s,[D-Thi2, Thr*, Tyr-NH2°]JOVT,
and desGly-NHa,d(CHa)s[D-Trp? Thr4, Dap®JOVT. These compounds are both AVP and OT
receptor antagonists. Nevertheless, they are more potent as OT antagonists than V1. antagonists
[50].

Furthermore, some peptide OT or AVP antagonists have a higher affinity for the human
receptor than the Atosiban. For instance, desGly-NHa,d(CH2)s[D-2-Nal?, Thr*]OVT,
desGly-NH2,d(CH2)s[2-Nal? Thr*]OVT, d(CH2)s[D-2-Nal? Thr*, Tyr-NH°]OVT
and d(CH2)s[2-Nal?, Thr*, Tyr-NH,®JOVT may be candidates as possible tocolytic agents [41].

Another selective peptide OT antagonist with a high affinity for the human OTR and low
for the V1a receptor is Barusiban. It possesses a higher potency and a longer duration of action
than Atosiban. In contractility experiments with isolated human myometrium, Barusiban
inhibits OT-induced myometrial contractions of both preterm and term myometrium, and this

action was at least as potent as the action of Atosiban [51].

20



mgr Agnieszka Natalia Staskiewicz
CONSTRAINED SECONDARY STRUCTURES TO DEVELOP BIOACTIVE PEPTIDES AND PEPTIDOMIMETICS

2.1.5.2 Non-peptide antagonists of oxytocin receptor

Non-peptide OTR antagonists are also under development. Since peptide antagonists lack
oral bioavailability, pharmaceutical companies have investigated efficient non-peptide OT
antagonists.  Retosiban, 2'-methyl-1'3'-oxazol-4'-yl morpholine amide derivative,
is a non-peptide OT antagonist more than 15-fold more potent than Atosiban for the OTR [52].

Another nonpeptide OT antagonist is L-368,899 (1-(((7,7-dimethyl-2(S)-(2(S)-amino-4-
(methylsulphonyl)butyramido)bicyclo[2.2.1]-heptan-1(S)-yl)methyl)sulphonyl)4-(2-
methylphenyl) piperazine). L-368,899 was a potent OT antagonist inhibiting spontaneous
uterine contractions in pregnant rhesus monkeys. The organism of a pregnant woman can block
OT-stimulated uterine postpartum activity with an effectiveness comparable to that
of the pregnant rhesus monkey [36].

Additionally, the non-peptide OTR antagonist is Nolasiban. It is a selective, orally
administered, and potent antagonist of OTR with a low affinity towards the AVP V1. and V>
receptors [53].

2.2 Replacement of the disulphide bridge

The disulphide bonds establish a crucial structural element in the stabilisation, folding,
and structuring of peptides and proteins [8,54,55]. The S-S bridge is essential for binding
to the OTR. However, it represents the peptide susceptible to endogenous degradation [56].

The three-dimensional (3D) structures of peptides and proteins can be rigidified or stabilised
by forming macrocycles. For peptides, the biological activity of these compounds is related to
precise structure folding. The S-S bridges are labile in peptides or proteins despite their
stabilising effect. The disulphide isomerases, reducing agents, and thiols can affect this covalent
bond and lead to structural rearrangement with complete activity loss. The replacement of this
component by hydrolytically, reductively, and stable substitutes is of great interest to scientists
[8].

Substitution of an unstable bridge with a more Red-Ox-stable linker is an attractive
approach to improve the metabolic integrity of OT. Unfortunately, it is not trivial because its

biological activity is sensitive to structural modifications within the cyclic framework.
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Even minor distortions such as increasing the 20-membered ring by group, penicillamine,
one methylene replacement of cysteine residue by amide, or substitute of the disulphide bond
by a lanthionine or dicarba bond lead to the significant decrease in the activity of agonists [56].
The replacement of the S-S bridge has been reported to be more stable covalent linkers,
for instance, thioethers (R1-S-R>), diselenides (Se-Se), or carbon-based bridges [8,57].

The reactivity of the disulphide bond is not required for bioactivity and is proven
by the biological functions possessed by analogues of OT in which the 20-membered rings have
been preserved. Nevertheless, the methylene group can replace one or both sulphur atoms
with an ethylene group (Figure 2) [58].

Figure 2 Structure of oxytocin lactam analogues, [cyclo-(1-L-aspartic acid,6-o,B-diaminopropionic
acid)]Joxytocin (X = CO; Y = NH; Z = NH,) and [cyclo-(1-B-alanine,6-aspartic acid)]Joxytocin (X = NH;
Y = CO; Z = H) [58].

It is shown that substituting the S-S bridge with an amide of two isomeric forms results
in analogues that retain enough conformational integrity to interact with receptors responsive

to neurohypophyseal hormone [58].

22



mgr Agnieszka Natalia Staskiewicz
CONSTRAINED SECONDARY STRUCTURES TO DEVELOP BIOACTIVE PEPTIDES AND PEPTIDOMIMETICS

Moreover, the synthesis of diamino acids and cyclic peptide derivatives using ring-closing
metathesis (RCM) affords the chance to substitute a metabolically less stable disulphide bond
with two methylene groups, a structural modification that results in the replacement of

LL-cystine with LL-diaminosuberic acid (Figure 3) [59].

Figure 3 The structures of analogues of oxytocin in which the disulphide bridges are replaced by
(1) saturated and (2) unsaturated hydrocarbon moieties [59].

It is presented that the substitution of the cysteines with L-allylglycine residue allows RCM
for the facile generation of more rigid olefinic analogues and provides access to the saturated
dicarba derivative. The ability of RCM to introduce more rigid ethylene bridges in place
of metabolically less stable disulphide moieties may help generate analogues of a host
of biologically active peptides or proteins [59].

In contrast, OT bioactivity is maintained when the S-S bridge of OT is replaced by
chalcogen linkages such as cystathionine (CH-S), diselenide (Se-Se), selenylsulphide (Se-S)
and ditelluride (Te-Te) bonds, where the 20-membered ring framework is conserved.

For instance, substituting the disulphide bonds with the isosteric Se-Se bonds can improve
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stability and peptide folding. It is envisaged that the replacement of the disulphide bridge
by a non-reducible selenocystathionine bond might enhance the metabolic stability of cyclic

peptides with minimal structural perturbation [56].

2.3 "Click chemistry"

The concept of "click chemistry" was introduced by Sharpless in 1999. He defined the rules
of "click chemistry" as a set of chemical reactions that "must be modular, wide in scope, give
very high vyields, generate only inoffensive by-products that can be removed
by nonchromatographic methods, and be stereospecific (but not necessarily enantioselective).
The required process characteristics include simple reaction conditions (ideally, the process
should be insensitive to oxygen and water), readily available starting materials and reagents,
no solvent or a benign solvent (such as water) or easily removed, and simple product isolation.
Purification, if required, must be by nonchromatographic methods, such as crystallisation
or distillation, and the product must be stable under physiological conditions™.

The idea of "click chemistry™" includes feasible and uncomplicated linking reactions
to perform, present high yields, require minimal purification steps, and are versatile in joining
diverse structures without the prerequisite of protection steps.

The classification of "click reactions" is identified below:

= cycloadditions — primarily refer to 1,3-dipolar cycloadditions. However, involving
hetero-Diels-Alder cycloadditions,

= nucleophilic ring-openings — indicate the openings of strained heterocyclic
electrophiles, such as epoxides, aziridines, cyclic sulphates, aziridinium
or episulphonium ions,

= carbonyl chemistry of the non-aldol type — examples include the formations of ureas,
thioureas, hydrazones, oxime ethers, amides, and aromatic heterocycles,

= additions to carbon-carbon multiple bonds — consist of epoxidations, aziridinations,

dihydroxylations, sulphenyl halide, nitrosyl halide, and certain Michael additions.

Among the four major classifications, CUAAC is the most widely applied [60].
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2.3.1 The Cu'-catalysed Huisgen 1,3-dipolar cycloaddition

The Cu'-catalysed Huisgen 1,3-dipolar cycloaddition of azides and terminal alkynes to form

[1,2,3]-triazolyl moiety is the model example of a "click reaction™ (Figure 4) [60].

Figure 4 The scheme of the Cu'-catalysed Huisgen 1,3-dipolar cycloaddition [60].

The success of CUAAC is established because it is a quantitative solid, standard,
and orthogonal ligation reaction, suitable for even biomolecular ligation and in vivo tagging
or as a polymerisation reaction for synthesising long linear polymers. This reaction is not
sensitive to conditions if Cu(l) ions are present and may be performed in an aqueous or organic
environment or solution and on solid support [61]. In Figure 5, there is the proposed mechanism
of CUAAC.
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Figure 5 Proposed mechanism for the CUAAC reaction [60].

For the reason that Cu' can readily insert itself into terminal alkynes, it is envisioned
that the first step of the reaction involves the m-complexation of a Cu' dimer to the alkyne
(structure 1 in Figure 5). After that, deprotonation of the terminal hydrogen occurs to form
a Cu-acetylide. The n-complexation of Cu' decreases the pKa value of the terminal alkyne,
allowing deprotonation to appear in an aqueous solvent without adding a base. If a non-basic
solvent such as acetonitrile (ACN) was to be used, then the base, such as 2,6-lutidine
or N, N'-diisopropylethylamine (DIPEA), would have to be beaded. In the following step,

the nitrogen atom displaces one of the ligands from the second copper in the Cu-acetylide
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complex to form structure 3. This action brings the azide for nucleophilic attack. Due to
proximity and electronic factors, the nitrogen atom can attack the carbon atom of alkyne,
leading to a metallocycle. Then, the metallocycle contracts when the lone pair of electrons
of the nitrogen atom attacks the carbon atom to form the triazole (4). Once structure 4 forms,
the attached copper dimer immediately complex to a second terminal alkyne. However,
this second alkyne cannot undergo a cycloaddition owing to the unfavourable structure
of the complex, and it dissociates upon protonation to reform 4. One final protonation releases
the Cu' catalyst from the 1,2,3-triazole product (5) to undergo a second catalytic cycle
with different substrates. Each protonation results from interactions with a protonated external
base and/or solvent [61].

More procedures exist to generate the active catalyst for the CUAAC. One standard method
is reducing Cu(ll) salts, such as CuSOs-5H20, in situ to form Cu(l) ions. The advantages
of this strategy are low cost, the possibility to perform in the water, and deoxygenated
conditions. Nevertheless, the main disadvantage of the mentioned technique is the possibility
of reducing Cu" to Cu® form [60].

2.3.2 The [1,2,3]-triazolyl moiety as a surrogate for unstable bond

The application of the triazolyl ring as the substitute of the disulphide bridge in peptide
chemistry was first reported by Meldal and co-workers. The chemical orthogonality of the azide
and alkyne, the robust synthetic scheme using "click chemistry" via either a copper-catalysed
cycloaddition, the hydrogen bonding capabilities, and the increased water solubility causes
the triazole motif the attractive pattern for designing novel bioactive analogues [62].

Moreover, the triazole-containing compounds have previously exhibited improved
metabolic stability through increased stability to isomerases or proteases. The triazoles were
selected for replacing the disulphide bridge due to their conformational stability, high dipole
moment, chemical orthogonality, and uncomplicated method of synthesis using
the Cu'-catalysed Huisgen 1,3-dipolar cycloaddition [62].

Triazoles are five-membered aromatic heterocyclic molecules. Their structure possesses
two carbon and three nitrogen atoms [63]. The triazolyl moieties can occur in two tautomeric
forms: the 1,2,3-triazole or the 1,2,4-triazole (Figure 6), depending on the position of the NH
group in the ring [64].
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Figure 6 Structures of the two isomeric forms of triazoles: (1) 1,2,3-triazole; (2) 1,2,4-triazole [64].

The 1,2,3-triazole ring can be a weak hydrogen-bond acceptor with a large dipole that could
align with the other amides in the peptide secondary structure. Overall, the 1,2,3-triazoles may
be potential surrogates of amide bonds for numerous peptide modifications [65].

Guan et al. have developed an effective convergent strategy for constructing the p-turn
mimicking unit through Cu(l)-catalysed alkyne-azide cycloaddition between the termini of two
peptide chains. The prepared molecular modelling showed that a 1,4-connected 1,2,3-triazole
ring might provide a geometry similar to the B-turn. This led to the proposal that cycloaddition
between peptide chains, derivatised with the azides and terminal alkynes, may provide a means
to synthesise B-turn units. They found that the tendency of B-turn formation for the triazole core
strongly depends on the length of the linker. It was evidenced that a three-carbon linker
is optimal for stabilising B-turn [65].

According to the literature, the molecules with triazolyl moieties maintain a variety
of biological functions. They can be active against cancer or microorganisms, including fungi,

bacteria, and viruses, €.g., human immunodeficiency virus (HIV) [5].

2.3.3 The synthetic approach of triazole-modified compounds

The substituted triazoles are widespread structural changes in many organic and bioactive
compounds. Following the literature, various methods have been developed to synthesise
triazolyl moieties [5,66].

An intramolecular 1,5-electrocyclisation of B-substituted a-diazocarbonyl compounds is

astudied technique for designing the triazole motifs. Unfortunately, the conditions
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of this method are limited because they require mostly commercially available starting

materials.

Jorddo et al. have characterised this method by two pathways. Pathway | starts from

-amino-a,B-unsaturated esters or ketones, followed by a diazo transfer reaction. Conversely,

pathway Il starts from o-diazocarbonyl compounds, followed by o-diazoimino formation

(Figure 7). The diazo-donor reagents can be sulphonyl azides, for example, methanesulphonyl

azide, tosyl azide, 3-diazo-1,3-dihydro-2H-indol-2-one or p-carboxylbenzenesulphonyl azide

[67].
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Figure 7 Techniques of preparation of the triazoles starting from a-diazoimines [67].

Nagasawa and colleagues developed the method for the transition metal-catalysed

preparation of 1,2,4-triazoles. They used the coupling nitriles with amidines to obtain

the 1,2,4-triazole analogues by efficient copper-catalysed synthesis [68].
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Furthermore, Beifuss et al. developed an innovative and effective copper-catalysed reaction
between ammonium carbonate and imidates to synthesise symmetrically substituted
3,5-diaryl-1,2,4-triazoles [69]. This procedure was efficient, but most considered the substrates,
such as amidines or imidates synthesised from nitriles [70].

Moreover, Zhang and co-workers characterised the catalytic transformation of azides
and alkynes mediated by ruthenium(ll) ions (RUAAC) that give selective admission
to 1,5-disubstituted 1,2,3-triazoles [71].

The most widespread “click reaction”, CuAAC, was carried out to generate
the five-membered heterocyclic compounds containing the triazole moiety without complicated
reagents. The azide-alkyne cycloaddition was identified as the most helpful approach
to conjugate two or more structural motifs [72]. Huisgen described the principal method
for the synthesis of triazolyl moiety in 1963 [73]. The cycloaddition between azides and alkynes
is a particularly atom-economical reaction, leading to the design of the 1,2,3-triazoles.
However, this method is not regioselective. The result is the development of both forms:
1,4-and 1,5-disubstituted 1,2,3-triazoles [74]. The reaction was performed between azide
and acetylene under reflux conditions in toluene, leading to a combination of 1,4-
and 1,5-regioisomers of 1,2,3-triazoles [64].

2002 was disruptive because Meldal and Sharpless and their co-workers separately
described the most significantly used "click chemistry” method [75,76]. The cycloaddition
catalysed by copper(l) ions conduces to 1,4-disubstituted 1,2,3-triazoles under mild conditions
(Figure 8) [77].
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Figure 8 The Huisgen cycloaddition: (1) under thermal conditions and (2) catalysed by copper(l) ions [77].

Additionally, the copper-catalysed azide-alkyne cycloaddition is selective, efficient,
and can be performed in a gentle reaction condition. This procedure may be performed in water

and organic solvents with complete selectivity and conversion [77]. The reaction involves Cu(l)
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or Cu(ll) salts in organic solvents or a mixture of tert-butyl alcohol and water at room
temperature (RT) [78]. The mentioned method is one of the instances of “click reaction™
proceeding with high purity, vyield, regioselectivity, and comprehensive chemical
transformation [79].

Furthermore, the 1,2,3-triazoles are recognised as valuable peptidomimetic moieties [80].
Kuang and colleagues have designed the reaction in non-reductive conditions between
Cu(OAc). and N-containing additional ligands in which the azide chelation significantly
improves the reaction rate [81].

McNulty et al. studied homogeneous silver(l) catalysed azide-alkyne cycloaddition
(AgAAC) due to the toxicity of redox-active copper(l) ions for many biological aspects.
The reaction was carried out at RT, including a silver acetate and a thermally stable phosphane
ligand. Nevertheless, heating up to 90°C was required to enhance the yield of the reaction [82].

Smith and co-workers described a zinc-mediated azide-alkyne cycloaddition,
which can form 1,5- and 1,4,5-substituted 1,2,3-triazoles at RT. The reported reaction was
performed with a catalytic amount of N-methylimidazole, which is obligatory to generate
the zinc acetylide [83].

Fokin et al. have described the first transition metal-free catalytic azide-alkyne
cycloaddition for synthesising 1,5-diaryl-1,2,3-triazoles. The triazolyl ring was generated
between aryl azides and terminal alkynes in the presence of a catalytic amount of hydroxide
at RT. This reaction is insensitive to atmospheric oxygen or moisture [84].

Furthermore, the methods including ultrasounds have the advantage of allowing to perform
the reactions in both heterogeneous and homogeneous systems [78]. Cintas and colleagues
described the synthesis of 1,4-disubstituted 1,2,3-triazole analogues under ultrasounds
without adding any ligand via metallic copper [85].

The triazole motif is applied as a popular peptidomimetic moiety and can adjust
the secondary structure of the peptide. The synthesis of triazole amide substitutes by
a peptidomimetic ligation method involves N- and C-terminally modified peptides with a-azido
acids and a-amino alkynes, independently. Chiral a-amino alkynes can be synthesised in a few
phases, beginning with the protected parent amino acids. The inclusion of 1,4-disubstituted
triazoles into the backbone of a peptide chain was achieved by traditional solid-phase peptide
synthetic (SPPS) strategies, including triazole-containing pseudo-dipeptides as building blocks
[80].
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The synthesis of low molecular weight triazolyl cyclopeptidomimetics is performed
by peptide synthesis in solution via the precursor followed by CUAAC (Figure 9A). In the case
of extended amino acid sequences, the triazolyl core can be included in the peptide chain during
peptide elongation by standard SPPS coupling technique (Figure 9B). Otherwise,
the heterocyclic structures may be connected to the solid support by the copper-catalysed
azide-alkyne cycloaddition between the alkyne precursor and azide (Figure 9C).
The conjugation of the peptide fragments after CUAAC, a practical approach for proteins,

can be carried out from azide and alkyne in the solution (Figure 9D) [86].
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Figure 9 Synthetic approaches of triazolyl including cyclopeptidomimetics: (A) CUAAC in SPPS;
(B) inclusion of triazole during SPPS; (C) connection of triazole to the solid support by CUAAC;
(D) coupling of peptide chain fragment in solution after CUAAC [5,86].

32



mgr Agnieszka Natalia Staskiewicz
CONSTRAINED SECONDARY STRUCTURES TO DEVELOP BIOACTIVE PEPTIDES AND PEPTIDOMIMETICS

Anyhow, the synthesis of the building blocks N®“Fmoc-protected w-azido
and w-ynoic-a-amino acids were shown to be involved in launching applicable synthetic
procedures to develop a significant amount of “clickable™ peptides [2,7,87].

According to the literature, microwave-assisted "click chemistry™ is also common.
Microwave irradiation decreases the reaction time, allows efficient internal heat transfer,
and consequently increases the yield of the process. High temperature is quickly achieved.
Thus, decomposition and polymerisation are avoided [78].

Ma and colleagues have described a microwave-assisted copper-mediated one-pot
three-component synthesis of symmetrically substituted 1,2,4-triazoles between amines
and aryl nitriles. This technique involves two equivalents of copper salts [66].

D'Ercole et al. have developed a reproducible and efficient microwave-assisted method
for synthesising side chain-to-side chain cyclopeptides. They prepared the azide-alkyne
cycloaddition catalysed by copper(l) ions in the solid phase. All essential parameters, e.g.,
resin type, solvent, reaction time, catalytic system, and microwave energy, were optimised
by a systemic one element at a time method [88].

Furthermore, 1,4-disubstituted 1,2,3-triazole is comparable to substituted imidazole due to
its coordinative properties and amide bonds in molecular dimension and planarity. The triazolyl

moieties are common ligands supporting donor sites for diverse metal ions coordination [77].

2.4 Application of the molecules possessing the triazolyl moieties

The chemical compounds containing triazoles have been widely studied for many
pharmaceutical applications [5]. The 1,2,3-triazole derivatives present numerous bioactive
functions, i.e., against cancer, bacteria, fungi, or viruses, and as inhibitors of enzymes [89].

Some examples of the application of triazoles are presented below.

2.4.1 Triazole-modified compounds against microorganisms

Liu et al. analysed the antimicrobial properties of the [1,2,3]-triazolyl derivatives.

They have applied "click chemistry™ to transfer the Polybia-MPI (MPI), which is a natural
antimicrobial peptide (AMP) isolated from the venom of the social wasp Polybia paulista.
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It acquires weak haemolytic properties and activity against gram-negative and positive bacterial

strains. The obtained results are presented in Table 1.

Table 1 Amino acid sequence and antibacterial properties of MPI and its analogues with minimal inhibitory
concentrations (MIC) values given in pM; NA no antimicrobial activity [90].

Escherichia  Staphylococcus  Bacillus  Pseudomonas

Peptide Sequence
coli aureus subtilis aeruginosa
MPI lle-Asp-Trp-Lys-Lys-Leu-Leu-Asp-Ala-Ala-Lys-GlIn-lle-Leu-N H2 32 32 8 NA
C-MPI-1 Ac-lle-Asp-Trp-Lys-Lys-Leu-Leu-Lys-Ala-Ala-Lys-Pra-1le-Leu-N H2 64 64 8 NA
I
C-MPI1-2 Ac-IIe-Lys-Trp-Lys-Lys-Leu-Leu-Pra-AIa-AIa-Lys-GIn-IIe-Leu-NH2 128 256 128 NA

S _%/\/\NW%

The authors have  synthesised two  intramolecular  cyclic  analogues,
including the [1,2,3]-triazolyl moieties, C-MPI-1 and C-MPI-2, with various bridge
orientations. The structure of C-MPI-1, cyclised at the i to i+4 positions, shows an enhanced
helical tendency in H20, 50% trifluoroethanol (TFE), 30 mM sodium dodecyl sulphate (SDS),
and improved stability against trypsin in comparison to parent peptide MPI. On the other hand,
the structure of C-MPI-2, cyclised at the i to i+6 positions, lost helical motif in the same
conditions. Consequently, the significance of the peptide helicity in antimicrobial properties
was confirmed [90].

Furthermore, structures possessing the [1,2,3]-triazolyl cores play an essential role due to
the extensive therapeutic applications in antifungal therapy. Therefore, triazole-containing
medicines have been efficiently developed and used to treat several microbial infections
for years [91]. Growing resistance to the existing antifungal drugs led to the development
of innovative triazole analogues with progressive therapeutic indexes and increased antifungal

spectrum [92].
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Junior et al. proposed the glycotriazole-peptide analogues consisting of the [1,2,3]-triazolyl

and monosaccharide moieties attached to amino acid residues presented in Figure 10.

O
NH>»
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NAc

[p-GleNAc-trz-G"JHSP1-NH,

X = [trz-G'JHSP1-NH,

Figure 10 The glycotriazole-peptide derivatives [93].

They suggested the glycotriazole-peptide from hylaseptin-P1 (HSP1), which is AMP
characterised by a 14-amino acid sequence C-terminal amide (HSP1-NH,). In this sense,
the triazolyl bridge bonded the peptide chain to the saccharide moiety. The antibacterial
properties of HSP1-NHz, [p-Glc-trz-G'JHSP1-NH,,  [p-GlcNAc-trz-GYJHSP1-NH,
and [trz-GJHSP1-NH; were examined against gram-negative strains
(Pseudomonas aeruginosa, Escherichia coli), gram-positive (Staphylococcus aureus,
Streptococcus agalactiae) strains, and compared with chloramphenicol. The structures,
except for Streptococcus agalactiae, demonstrated antibacterial activity against the examined
bacteria. Interestingly, these tests showed that glycosylation stimulates slight antibacterial
activity. Nevertheless, the glycotriazole-peptides and the [trz-GY]JHSP1-NH: presented
improved antifungal abilities compared to HSP1-NH,. The structure HSP1-NH> possesses
no activity against Candida spp. strains. The triazole analogues demonstrated noticeably higher
antifungal activity, indicating the significance of the triazole moiety in this procedure [93].

It is worth noting that structures containing the triazolyl moieties can be applied
as treatments for HIV. Currently, inhibitors in antiretroviral therapies target the viral enzymes:

integrase, protease, and transcriptase [94]. The virus can attack macrophages and T cells
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by fusion of the viral membrane with the target cell membrane. In this sense, applying the virus
to host cells is a great drug target. In this process, an essential function is presented
by the glycoprotein from the viral envelope, derived from the proteolytic cleavage of a gp160
precursor into the gp120 surface protein and the gp41 transmembrane protein.

McFadden and colleagues described the peptide triazole derivative of 12p1, HNG-156,
with a ferrocenyl triazole-substituted conjugate and attaching to gp120 with an equilibrium
dissociation constant of 7 nM Kop, in contrast to the 2600 nM Kp value for 12pl. This study
confirmed that the HNG-156 is non-cytotoxic and possesses anti-HIV type 1 (HIV-1) activity.
Moreover, the triazole-modified peptide reacts with all analysed inhibitors [95].

Additionally, Rashad and co-workers studied the peptide triazoles, which can inhibit HIV-1
cell infection and suppress gp120 receptor binding. Furthermore, the peptide triazole analogues
were stable to chymotrypsin and trypsin [96].

Likewise, triazole-modified peptidomimetics demonstrate anticancer properties. Sun et al.
synthesised two cyclopeptide mimetics of a second mitochondria-derived activator of caspase
by substituting two amide bonds with two triazole moieties. These peptidomimetics can bind
to XIAP (blocking apoptotic pathways by binding with low nanomolar affinities and inhibiting
caspase activity), clAP-1, and clAP-2 (inhibitor of cancer necrosis). Also, they can recover
the activity of caspase-3/-7 and caspase-9, inhibited by XIAP [97].

According to the literature, substituted 1,2,4-triazole, e.g., Letrozole, Anastrozole,
and Vorozole, are important chemotherapeutics in breast cancer [98]. Baharloui and colleagues
have described that both peptides GLTSK and GEGSGA, containing the triazolyl motifs,
presented relevant anticancer properties against colon and breast cancer cells. In addition,
the peptidomimetics containing the triazolyl cores demonstrated advanced cytotoxic activity
on MDA-MB-231 cells rather than on MCF-7 cells [99].

Tahoori et al. synthesised a structure with high activity against lung cancer cells.
This peptidomimetic has been discovered to be applied in tumour treatments by stimulating
apoptosis in cancer cells recognised to have changed ras oncogene. The anticancer activity was
observed in vitro, and peptidomimetics indicated a meaningful property against cancer cells
with mutated ras oncogene such as A549, C26, and PC3 cells [100].
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2.4.2 The structures possessing triazolyl cores with enzyme inhibition properties

Triazolyl-including peptidomimetics can be effective human enzyme inhibitors.
Unfortunately, peptides are susceptible to enzymatic degradation, and owing to this barrier,
several modifications must be used to improve the structural stability in vivo [101,102].
Incorporating triazolyl moiety into the peptide chain can increase cell life-time [103].
In this sense, the mentioned Huisgen cycloaddition is a promising approach to synthesising
macrocycles or mimicking the B-strand conformation. These modifications can enhance peptide
biostability and reduce conformation mobility, crucial in inhibitor designing [104].

Trabocchi et al. presented a library of peptidomimetic compounds with an N- or C-terminal
guanidino group. All sequences were obtained via CUAAC, which developed sixteen unique
1,2,3-triazole analogues. They reported the data of in vitro inhibition tests with two different
concentrations of each compound and later compared it with chloroamidine, a commercially
available inhibitor of protein arginine deaminase 4 (PADA4). Five examined molecules were
inactive, while the rest reached inhibitory effect at 1 and 10 mM concentration with 5-41%
or 16-99%, respectively. Moreover, the chloroamidine demonstrated inhibition
at 24% (Cv =1 mM) and 36% (Cm = 10 mM). Molecular modelling studies have shown
that the bond formation with [1,2,3]-triazolyl moieties and Arg®’* or Trp®*' residues is preferred,
and this characterisation depends on the lengths of the side chains of amino acid residues [105].

Houghland and co-workers have synthesised ten unique peptidomimetics containing
1,2,3-triazole-linked lipids. This study has demonstrated that the replacement of effortlessly
hydrolysed amide or ester linkages with the triazole bridge is accepted by the human ghrelin
O-acyltransferase (GOAT). Furthermore, the attachment of hydrophobic fragments increases
the potency and supports better effects in GOAT inhibition (ICso value of 0.7 uM) [106].

Guo and colleagues examined three series of 1,4-disubstituted 1,2,3-triazoles,
which can be inhibitors of caspase-3 and caspase-7. It was observed that the N-terminal
incorporation of the urea group performed the essential role of their activity.
Moreover, molecular docking studies have proved that forming hydrogen bonds in the binding
site caspase-3 is significant for inhibition [107].

Leyva et al. described a detailed study on caspases 1-3 and 6-9. They used a substrate
activity screening (SAS) method to identify the substrates of caspase-6 and caspase-9.
The reported groups in the most potent substrates were substituted with the pharmacophore,

including the [1,2,3]-triazolyl core. The investigation led to three non-peptide inhibitors
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with irrevocable character, which present high deactivating functions of caspases and low
or no inhibition of other cysteine proteases [108].

In 2012, Valverde and colleagues explained studies about applying CUAAC to assemble
unprotected peptide fragments into bioactive triazoles containing proteins. They have shown
the value of the triazole moieties in developing secondary structures via hydrogen bonds
as stabilising agents [80].

Lalmanach et al. have designed four compounds, among which the ones including
the 1,4-disubstituted 1,2,3-triazole moiety or a semicarbazide bond, consequently substituting
the C® of glycine with a nitrogen atom. The screening tests resulted in visibly better outcomes
for aza-Gly derivatives concerning triazolyl mimetics. Nevertheless, both groups displayed
an engaging activity (K;j around nM vs. mM range, respectively). Molecular modelling studies
justify the preference of the semicarbazide bond as discovered for the principal analogues [109].

Fittler and his research group have designed, synthesised, and analysed a library containing
twenty-two chemical compounds to improve the inhibition activity of the sunflower trypsin
inhibitor-1 (SFTI-1). Among these variations, sixteen studied structures were characterised
as triazole analogues. Other modifications besides the triazolyl bridge substitution were
applied, i.e., non-natural amino acids coupling and sequence shortening. The nanomolar
activity of the synthesised compounds was described by in silico experiments,
suggesting a supplementary proton donor-acceptor interaction of basic £2-N in acidic residues
and histidine in the active protease cleft [110].

Comparable research focused on replacing 1,4-disubstituted 1,2,3-triazoles into the peptide
chain was reported by Empting et al. They have analysed the disulphide-bridged substitution
to rigid the conformation and improve, leading to a more valuable activity than the STFI-1.
One of the 1,5-disubstituted 1,2,3-triazole peptidomimetics demonstrated nanomolar inhibition
activity, in line with the results of disulphide-bridged STFI-1 [111].

The cited literature highlights the most significant and recent studies,
including the synthesis of triazolyl-containing peptidomimetics and their biological activity.

The presented research explains the crucial role of the 1,2,3-triazole motif in peptide bioactivity.
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Peptides that contain triazolyl moieties are a characteristic instance of peptidomimetics.
They present all the benefits over standard peptides. Both effective synthetic techniques
and bioactivity make these structures attractive and potential research objects. The structures
possessing triazolyl motifs can be widely used as agents against cancer, bacteria, fungi,
and viruses. It is worth mentioning that these modifications provide higher stability

and bioactivity compared to non-modified structures [5].

2.5 Peptides antigens as biological targets

On the other hand, not only peptidomimetics possess significant roles in some biological
systems or treatments for many diseases. Peptides also have many functions to play these
valuable purposes. It is known that peptidomimetics have more advantages than natural
or synthetic peptides, but they are also noteworthy in some cases. Peptides or proteins have
established a favourable alternative to small-molecule scaffolds for some targets [112].

Peptides and antibodies (Abs) have entered a successful group in immunology since they
were discovered. Peptide chemistry created the base of knowledge about protein structure,
and Abs laid the basis for molecular immunology, even though the correlation between Abs
and antigens (Ags) had to await innovations in peptide and protein chemistry. These advances
led to the understanding that Abs and a primary group of Ags are themselves proteins. Peptides
were also crucial for explaining the molecular biology of Ab specificity and biosynthesis,
regarding B cell specificity and antigen presentation and T cell specificity and development
[113].

Molecular biology still depends on applying peptides, antibodies, and peptide antibodies.
This applies to research, diagnostics, and therapy and may become essential to preventing
disorders, for instance, vaccination. In addition, new types of molecules are being developed to
complete the traditional purpose of reagents, which may become helpful if the technologies can
be more advanced [113].

In this scenario, | emphasised the recognition of series peptide antigens by patients
with Multiple Sclerosis (MuSc).
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2.6 Multiple Sclerosis

Multiple Sclerosis (MuSc) is the most common neurological and autoimmune disease
affecting the CNS. MuSc indicates physical severe or intellectual incapacitation
and neurological complications in young adults [114]. Multifocal regions of inflammation
caused by focal T-lymphocytic, macrophage infiltrations, and death of oligodendrocytes are
the significant causes of myelin sheath damage [115]. It results from forming CNS plaques
composed of inflammatory cells and their products, transacted or demyelinated axons,
and astrogliosis in grey and white matter. These lesions can crosstalk with the proper transport
of nerve signals and lead to neuronal dysfunction, e.g., autonomic and sensorimotor defects,
ataxia, visual disturbances, fatigue, problems in thinking, and emotional difficulties [114].

It is expected that MuSc can become a common neurodegenerative disease, establishing
the stage for pre-symptomatic diagnosis for other neurodegenerative disorders,
especially Parkinson's or Alzheimer's disease [116].

There are four subtypes of MuSc: relapsing-remitting MuSc (RRMuSc), primary
progressive MuSc (PPMuSc), secondary progressive MuSc (SPMuSc), and progressive
relapsing MuSc (PRMusSc). Among these subtypes, RRMuSc is the most popular [117].

MuSc is more frequent in females, but this is not a rule. In the case series from the early
1900s, the sex ratio was almost identical. Since then, the sex ratio has progressively been rising,
and now it is approximately 3:1 (female:male) in most technologically advanced countries
[118]. There is an improving prevalence and frequency of MuSc in both developed
and developing countries [119].

The aetiology of MuSc is still being determined. Nevertheless, it can be believed
to be a multifactorial disorder, including a genetic predisposition linked with environmental
impacts [120]. Inflammation of the grey and white matter tissues in the CNS due to focal
infiltration of immune cells and their cytokines is the first reason for damage in MuSc.
Many surveys have indicated that T helper cells (Th) adapt and interfere with the immune
responses initiated by interaction between antigen-presenting cells (APCs) and T lymphocytes,
which play an essential role in the beginning and progression of MuSc [121,122].
Moreover, B lymphocytes and their cytokines are other elements in the pathogenesis of MuSc.

Transforming growth factor-beta (TGF-B) or tumour necrosis factor-alpha (TNF-a),
produced by these cells, can stimulate inflammation. In addition, mentioned cells can generate
interleukin 10 (IL-10), an anti-inflammatory cytokine. Therefore, B lymphocytes have positive
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and negative effects on the development of MuSc [123]. In addition, it is indicated
that cytotoxic T cells (or CD8+ T cells) can be found in MuSc lesions [124]. These cells,
via the production of cytolytic proteins such as perforin, mediate the suppression
and deactivation of CD4+ T cells. Furthermore, these cells thoroughly improve vascular
permeability and glial cell damage and trigger oligodendrocyte death, playing a crucial function
in the pathogenesis of MuSc. In addition to CNS inflammation, the myelin repair procedure
due to oligodendrocyte death is also limited [122].

It is known that many environmental factors cause the MuSc, such as viral agents,
for example, Epstein-Barr virus (EBV) or human herpes virus type 6. Also,
Haemophilus influenzae or mycoplasma pneumonia are potential bacterial triggering agents in
MusSc [125,126]. Other factors that can cause MuSc are smoking cigarettes [127], deficiency
of vitamins (mainly D and B12) [128], diet [129,130], and exposure to UV radiation [131].
The external agents may have a nuclear antigen structurally homologous with myelin sheath
components such as MBP, proteolipid protein (PLP), and myelin-associated glycoprotein.
Therefore, myelin sheath lesions will form when these pathogens trigger immune cells [128].
Furthermore, the significant genetic risk connected with MuSc resides in DRB1-HLA*15
and/or other loci in solid connection imbalance with this allele. Heterozygotes
for HLA-DRB1*15:01 have a probability ratio of MuSc more than three and homozygotes more
than six, but the mechanism is unknown [132].

It is hypothesised that the role of HLA-DRB1*15:01 is via the presentation of antigens.
Nevertheless, it cannot explain the protecting effects of the first class of alleles,
such as HLA-A*02:01 [133].

MuSc is a voyage from being at risk through the asymptomatic illness, prodromal,
and symptomatic stages [116]. Early recognition of MuSc is significant because it can give
the occasion to pursue therapy and plans for the future. A precise diagnosis of MuSc is
based on medical history and neurological examination using imaging techniques, e.g.,
magnetic resonance imaging (MRI), lumbar punctures (LP) for analysis of cerebrospinal
fluid (CSF), and analysis of blood samples [134]. MRI can identify any scar tissue formation
and damage in the CNS. Evoked potential test that includes the visual, brain stems auditory,
and somatosensory evoked possibilities present knowledge about demyelination in the CNS
and optic nerve [128]. Additionally, analysis of CSF for MBP, immunoglobulin G (IgG)
determinations [135], and analysis of blood samples for detection of deficiencies of the vitamins

might be diagnostically valuable [136].
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Owing to its heterogeneity, not completely specific MuSc biomarkers are available,
thus hampering diagnosis and patient stratification. Bear in mind that current studies on B cells
showed the significant role of antibodies in MuSc pathology. Identifying the antigenic targets
characterised by specific antibodies in MuSc patient sera may improve patient stratification
[104]. Some study indicates that the pathogenesis of MuSc has focused on the possible

connection between MuSc and a plentiful protein found in CNS myelin, such as MBP [137].

2.7 Myelin Basic Protein

Myelin Basic Protein is the second most abundant protein, after the PLP, in CNS myelin
[138], and it is a member of the family of intrinsically unstructured proteins [139,140].
Depending on interactions and environment, MBP can change its conformation [137].
It contains 30% of the total protein and approximately 10% of the dry weight of myelin.
It is the only structural protein discovered to be necessary for creating CNS myelin.

MBP is attached to the cytosolic surface of the oligodendrocyte (OL) membrane, primarily
by electrostatic interactions with negatively charged lipids [138]. It is presented in compact
internodal myelin and is recognised to participate in the adhesion of the cytosolic surfaces
of the multi-layered myelin sheath [141,142].

Furthermore, MBP plays essential functions, for instance, in signalling [143,144],
in the nucleus [145], a regulatory role in the expression of other myelin proteins [146,147],
and interactions with the cytoskeleton [148-151].

It is evidenced that MBP can attach to negatively charged lipid surfaces. It can bind to two
lipid surfaces at once, probably by dimerising, and cause aggregation and adhesion of lipid
vesicles [152-156] or multilayer formation [157-160]. Moreover, MBP can interact
with polyanions such as microtubules in vitro [161,162], actin filaments [148,150,151,163,164]
and binds to other proteins, e.g., clathrin [165] or Ca?*-calmodulin [148,149,166—169].

A myelin sheath, including MBP, appears in all vertebrates except the evolutionarily oldest
(hagfish and lampreys, members of Agnatha Cyclostomata). The sequence of MBP is highly
conserved from mammals (ten species sequenced) to chickens to clawed frogs [170].
MBP is also present in fishes, but shark MBP possesses only 44% homology with mammalian
MBP [171,172].
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Classic MBP, found in myelin, is a product of a larger gene complex called Golli (genes
of oligodendrocyte lineage). It contains eleven exons in mice and ten in humans, including
seven exons giving rise to classic MBP [173]. The main MBP isoform in the adult human
and bovine CNS is 18.5 kDa, although, in rats and adult mice is 14 kDa. All isoforms include
protein domains encoded by exons I, 111, IV, and VII, while only the 21.5-, 20.5-, and 17.22-kDa
forms have the domain encoded by exon Il. The 21.5-, 20.2-, 18.5-, 17.24-, and 17.2-kDa types
also contain exon VI, while the 17.22- and 14-kDa forms do not. The most considerable
similarity between rodent and fish MBP is in exons |, Ill, and part of IV,
which can be a functional core of MBP [174]. Fish express two isoforms of MBP, one lacking
exon Il and the other lacking exon 11 and exon Vb [171]. Expression of the mentioned isoforms
is developmentally controlled, and they have several locations in myelin and cells, indicating
that they may have separate roles. The isoforms, including the exon ll-encoded domain,
are expressed at high levels early in myelination and immature OLs in culture [175-177],
even though the forms without this domain are the primary forms expressed later
in myelination, in mature OLs, and adult myelin. Although the 18.5-kDa form is the main form
in adult human myelin, exon Il-containing forms are expressed during fetal development

and remyelination [178].

2.7.1 Isomers of 18.5-kDa Myelin Basic Protein

The form of 18.5-kDa MBP exists as a series of charge isomers, named C1, C2, C3, C4, C5,
C6, and C8 due to a variety of post-translational modifications that decrease their net positive
charge, consist of deamidation, phosphorylation of serine or threonine [179,180]
and citrullination (deimination of arginine to citrulline, Cit) [181].

C1 is the most highly positively charged and the least modified form. Analogue C2 is
deamidated. The forms of C3-C6 can be changed by combinations of deamidation,
phosphorylation, and deimination [179-181]. The structure of C8 differs from C1 by
deimination. This is performed for 6-11 arginine residues, with a loss of net positive charge by
one for every arginine to citrulline conversion [181,182] and modifying its hydrogen-bonding
properties [183]. The phosphate groups of MBP turn over quickly, and the highest turnover was
in the most mature myelin segments [184]. It can suggest that the phosphorylation of MBP

plays a significant role in myelin function and structure [185]. Phosphorylation of MBP
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in the myelin sheath is transformed in reaction to the nerve action potential [186-188] and OLs
in culture in response to depolarisation or extracellular ligands [189-192].

It is worth noting that MBP can be phosphorylated in vitro by protein kinase A, protein
kinase C, glycogen synthase kinase (GSK), mitogen-activated protein kinase (MAPK),
calmodulin-dependent kinase, and all enzymes presented in myelin [193-197].
MBP from the brain of a patient suffering from MuSc was deamidated and less phosphorylated
than regular MBP but included more methylated arginine residues [182]. The quantity
of the deiminated form of MBP, C8, in myelin is the highest in children and reduces during
growth. It might be suggested that it plays a role in the formation of myelin rather than myelin
functions.

However, C8 occurs in more significant amounts in patients suffering from MuSc

[181,182,198] and has been proposed to participate in the pathogenesis of MuSc [199].

2.7.2 Secondary structure of Myelin Basic Protein

All charge and size isoforms of MBP have been predicted to be intrinsically unstructured
[170,200,201]. Experiments using circular dichroism (CD) spectroscopy have demonstrated
that MBP possesses no ordered structure in solution [153,170]. Nevertheless, it has been
expected to have a B-sheet structure [202], and particular fragments have been predicted to form
amphipathic a-helices [104,202-204].

Using the mixture of charge isomers, MBP was presented via CD spectroscopy to obtain
a-helical and B-sheet secondary structures interacting with lipids [205,206] and SDS micelles
[207]. Moreover, the studies using cysteine substitution for Cys-specific spin labelling
and electron paramagnetic resonance (EPR) spectroscopy have confirmed that the region 83-92
of recombinant murine 18.5-kDa C1 (rmC1), corresponding to residues 86-95 of human MBP,
formed an amphipathic helix motif on binding to lipid vesicles [208]. The linear peptide,
including this segment, has been managed to stimulate immunologic tolerance in patients with
SPMusSc [209]. Molecular dynamics simulations showed that this amino acid sequence tended
to form an a-helix in an agqueous solution, although this structure was temporary without
stabilising factors [208].

MBP developed a stable a-helical core containing the region V&-T°2 in a mixture of 30%

TFE [208,210]. Additionally, structure determination by solution nuclear magnetic resonance
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(NMR) of an 18-meric peptide containing the segment Q’8T®*, corresponding to murine
numbering, confirmed that this region could be a-helical in dodecylphosphocholine micelles
and a mixture of 30% TFE-d, [211].

2.8 Experimental autoimmune encephalomyelitis in Multiple Sclerosis

The most used experimental animal model for MuSc is experimental autoimmune
encephalomyelitis (EAE). EAE is a neuropathological and immune condition containing
demyelination, CNS inflammation, gliosis, and axonal loss, all essential elements of MuSc
pathology [212]. EAE is generated by stimulating a T-cell-mediated immune response against
myelin antigens [213]. There are two types of EAE, adoptive transfer (AT) and active, caused
by various initiation techniques. AT EAE is induced by immunising a model animal
with myelin-specific CD4+ T cells from a donor animal [213]. Conversely, active EAE is
stimulated by immunising with myelin peptides, e.g., MBP and an array of tissue.

Even though MBP has not been determined to be the primary autoantigen in MuSc,
MBP-specific autoreactive T cells have been observed in the blood of MuSc patients at a higher

rate than in healthy people [214].

2.9 Cross-reactivity between viral antigens and MBP epitopes

Cross-reactivity to exogenous self-antigens and antigens, characterised as molecular
mimicry, has been a suggested mechanism, fundamental and impairing, of many autoimmune
disorders. This develops on the hypothesis that exposure to an external antigen with an identical
amino acid sequence or structure to host antigens can affect an autoimmune response [137].

The theory of molecular mimicry related to viral and microbial pathogens in MuSc
pathogenesis has been expected, particularly related to the EBV, and some of the studies have
shown that MBP can be a possible target autoantigen. It has been demonstrated
that cross-reactions between EBV and MBP can happen, but there are also cross-reactions
between MBP and other viruses. There is a solid relationship between MuSc and EBV.
EBV infection in adolescence and young adulthood is one of the well-known environmental
hazard factors in MuSc [215].
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It has been described that autoantibodies from MuSc patient sera identify MBP and recruit
inflammatory cells to focal regions, thus targeting CNS myelin elements and changing their
stability [216].

2.9.1 Myelin Basic Protein as possible epitope in Multiple Sclerosis

Extensive study has been performed on MBP and its potential role as a source
for autoantigenic epitopes in MuSc. Unquestionably, there are differences in the isoform
composition and structure of MBP, as well as in compact myelin, during the pathogenesis
of MuSc [217-219].

The mechanism at the molecular level of these changes needs to be made apparent.
An abnormal isoform composition of MBP probably leads to damaged membrane interactions
and the loosening of the rigid structure of myelin. This may further lead to the noted anti-MBP
immunoactivity and the presence of MBP in the CSF [137].

MBP in serum or the CSF is a symptom of myelin damage in general, and analysis for it
may be appropriate for diagnosing different neurodegenerative disease states and spinal cord
demyelination [220].

In this sense, studies of anti-MBP antibodies in MuSc have been mainly analysed, reporting
controversial results ranging from 0 to 100% seropositivity [221]. Specifically, RRMuSc
patients have been described to be seropositive to anti-MBP(84-100) antibodies [222].
Moreover, anti-MBP antibodies have been detected in sera and CSF in 85% of RRMuSc
patients and 45% of MuSc patients, respectively, compared to 2% in non-MuSc controls
[223,224].

Furthermore, the role of anti-MBP antibodies and myelin-reactive autoantibodies have been
discussed [137]. This issue can be generated by various factors, for instance, including doubtful
differences at the molecular level in the composition and structure of MBP isoforms
and in compact myelin during the pathogenesis of MuSc [218,219]. The theory of atypical
isoform composition of MBP, leading to the loosening of the rigid myelin structure and reduced
membrane interactions, might lead to the noted anti-MBP immune reactivity and the presence
of MBP in the CSF. Then, changes in the MBP sequences applied in immunosorbent assays
could clarify anti-MBP antibody recognition in sera samples and their low affinity.

Cells secreting high-affinity anti-myelin antibodies have been explained in CSF from MuSc
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patients, especially when compared to circulating anti-MBP antibodies, which demonstrated
low affinity [225,226]. In any case, the involvement of anti-MBP antibodies with earlier

and more common disease relapses highlights their fascinating role in MuSc [227].

2.10 Structures of peptides and proteins

The additional principal issue of peptides or proteins is their conformational preferences.
It is known that there exist four types of structures: primary, secondary, tertiary, and quaternary
[228].

The primary structure categorises the amount and sequence of the amino acid residues
in a peptide or protein chain. The secondary structure defines ordered conformations
of periodic, e.g., a-helix or B-sheet, or non-periodic nature such as turns. Frequently,
these structures are stabilised by hydrogen bonds between donors (NH) and acceptors (CO)
hydrogen bonds of peptide bonds. The 3D arrangement of secondary structure components
is recognised as the tertiary structure [228].

The conformation of a polypeptide chain in [B-sheets or a-helices is determined
not only by hydrogen bonds but also by other interactions that can stabilise the peptide chain,
for instance, metal chelation by various groups within a protein fold or the disulphide bonds
[228]. The quaternary structure of a protein is the association of numerous protein chains
or subunits into a directly packed arrangement. Each of the subunits has its primary, secondary,
and tertiary structure. The subunits are kept together by van der Waals forces and hydrogen
bonds between nonpolar side chains [229].

However, the weak peptide forces, such as van der Waals forces, hydrogen bonds,
or intramolecular hydrophobic interactions, are insufficient for a stable secondary structure
conformation. Additional modifications of the backbone, N- or C-termini, or side chains
to mimic the structures of natural products and stabilisation of secondary structures are
commonly applied tools in peptide chemistry [230,231].

Likewise, chemical modification efficiently produces peptide analogues with the preferred
structures. The enhanced stability and activity have resulted in the presentation of various
peptide drugs [232].
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2.10.1 Peptide cyclisation

Cyclisation is a systematic method of peptide modification involving numerous approaches,
such as head-to-tail, backbone-to-side chain, and side chain-to-side chain [233-235].
The cyclisation of peptides can increase cell permeability [236-238] and proteolytic stability
[239,240] and allow stabilisation and mimicking of the peptide secondary structure. A single
peptide sequence cannot form a loop or turn structures without being attached to other peptides.
However, cyclisation enables the formation of these secondary structures by pre-organising
intramolecular interactions [241]. It should be noted that peptide cyclisation is frequently used

to stabilise other secondary structures, i.e., a-helices or B-sheets [242-244].

2.10.2 Stabilisation and peptide mimicking of a-helices

Helices are one of the most popular systems of peptide and protein secondary structures
[245], which are formed by intramolecular hydrogen bonds [246]. The a-helix can be stabilised
by replacing hydrogen bonds via covalent bonds or building cross-links through side chains.
In the a-helix motif, the side chains of amino acids at positions i, i+4, and i+7 are on the same
side, and building cross-links through i and i+4 or i and i+7 efficiently approach backbone
atoms and support to create hydrogen bonds in helical structures [247—249].

Excellent strengths have been made to explore different cross-links, such as the formation
of disulphide bonds by substituting amino acid residues with cysteine or homocysteine [250],
lactam-based with the construction of a lactam bridge through the side chain of aspartic
or glutamic acid with lysine residue [251], and biselectrophilic linkers [252,253].

Worth to mention that stapled peptides represent a modern new cross-linking approach
introduced to stabilise the a-helix structure, using non-natural electrophilic amino acids
to replace residues at i and i+4 or i and i+7 position and form ligations with nucleophilic
cross-links  [239,254,255]. The hydrogen bonds surrogate modification approach
requires the replacement of one hydrogen bond of the a-helix peptide by a covalent bond
to change the helical structure [232].
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2.10.3 Mimicking of B-sheets and p-strands in peptides

The motifs of B-sheets and B-strands represent another class of secondary structures
of peptides and proteins based on mimicking the turns. The modification of peptides to stabilise
B-sheets is achieved by introducing D-amino acid residues, e.g., D-Pro, to form a turn structure
in the peptide sequence. D-Pro-L-Pro models are a well-widespread scaffold for stabilising
antiparallel B-hairpins in various effective protein-protein interactions (PPI) inhibitors
[256,257]. Furthermore, the macrocyclisation of amyloid -sheet mimics has also been applied
to create B-strand or -sheet structures [258-261].
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3 AIM AND OBJECTIVES OF DOCTORAL DISSERTATION

Peptides and peptidomimetics are fascinating groups of chemical compounds.
These structures can be applied as drugs and synthetic hormones or inhibit some enzymes.
Moreover, they can form various secondary structures such as a-helices or B-turns.

With all these considerations in mind, my attention was focused on the studies
based on secondary structures to develop peptides and peptidomimetics containing biological
activity. It is well-known that the conformation of peptides and their analogues radically impact
their bioactivity.

Furthermore, the presented study aims to replace the disulphide-containing bridge in native
oxytocin with 1H-[1,2,3]triazol-1-yl-containing bridge to attend to the requirement
for metabolically stable OT-derived drug candidates and chemical probes with desired
pharmacological activities. It was designed a series of Cal-to-Ca® side chain-to-side chain
disubstituted-1,4- or 4,1-(1H-[1,2,3]triazol-1-yl)-bridged OT analogues presenting a systematic

permutation of the ring size, location, and orientation of the triazolyl moieties (Figure 11).

N=N N:l\ll

it N P (rm—g/N—q)n
H.NCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH, H,NCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,

1,4-(1H-[1,2,3]-triazol-1-yl) 4,1-(1H-[1,2,3]-triazol-1-yl)
m n m+n m n m+n

I 4 1 5 IR 4 1 5

1 3 2 5 IR 3 2 5

n 2 3 5 R 2 3 5

v 1 4 5 IVR 1 4 5

v 21 3 VIR 2 1 3

Vi 12 3 VIR 1 2 3

Vil 1 1 2 VIR 11 2

Figure 11 Structural permutations of oxytocin analogues relative to the i-i+5 CuAAC-based intramolecular
macrocyclisation in which m+n=5, 3 or 2.
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Moreover, | have reported studies on the role of the sequence and structure of synthetic
MBP peptides (Table 2) that have been used to identify specific antibodies in MuSc patient
sera. Therefore, the studies of the relationship between the structures and the bioactivity

of the series of synthetic MBP peptides were discussed.

Table 2 Synthesised MBP peptides [104].

Peptide Fragment Sequence
1 MBP(81-106)  ----- TQDENPVVHFFKNIVTPRTPPPSQGK-—————————
2 MBP(76-116)? SQHGRTQDENPVVHFFKNIVTPRTPPPSQGKGRGLSLSRES
3 MBP(76-96)? SQHGRTQDENPVVHFFKNIVT-———————————————————
4 MBP(97-116)2 ~ -———=——==—————————————— PRTPPPSQGKGRGLSLSRFS
5 MBP(81-92)  ----- TQDENPVVHFFK—-———————————————————————
6 MBP(99-106) ~ -—————————===——————————~— TPPPSQGK-————————~-

2Peptide sequence is N-terminal acetylated and C-terminal amide.

In order to achieve the presented goals, the following objectives have been identified:

= Structure optimisation of analogues of OT and native OT by molecular modelling.
= Synthesis, purification, and analysis of peptides and peptidomimetics.
= Conformational studies of peptides and peptidomimetics.

= Biological activity assays of peptides and peptidomimetics.
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4 EXPERIMENTAL SECTION

4.1 Materials

Fmoc-L-Pra-OH, (2S)-2-(Fmoc-amino)-5-hexynoic  acid  (Fmoc-L-Hex(5-ynoic)-OH),
Fmoc-L-Ala(B-N3)-OH, Fmoc-L-azido-homoalanine (Fmoc-L-hAla(y-N3)-OH),
Fmoc-L-Nva(5-N3)-OH and Fmoc-L-Nle(e-N3)-OH were purchased by MERCK KGaA
(Darmstadt, Germany). Fmoc-protected amino acids and Rink-amide Wang resin,
N,N’-diisopropylcarbodiimide (DIC), OxymaPure® (ethyl cyanohydroxyiminoacetate),
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU),
Fmoc-Lys(Boc)-Wang Tentagel® resin were purchased from Iris Biotech GmbH
(Marktredwitz, Germany). (2S-2-Fmoc-amino)-7-octanoic acid (Fmoc-L-Oct(7-ynoic)-OH)
was purchased by Acrotein ChemBio'™ (Hoover, U.S.A.). (2S)-2-(Fmoc-amino)-6-hexynoic
acid (Fmoc-L-Hept(6-ynoic)-OH) was purchased by Ambeed (Arlington, U.S.A)).
Peptide-synthesis grade N,N-dimethylformamide (DMF), acetonitrile (ACN), trifluoroacetic
acid (TFA) were purchased from Carlo Erba (Milan, Iltaly). Piperidine, diisopropyl ether
(iPr20), triisopropyl silane (TIS), and deuterium oxide were purchased from Sigma-Aldrich
(Milan, Italy). Tentagel® S RAM was purchased from Rapp Polymere (Tuebingen, Germany).
2,2,2-trifluoroethanol (TFE) was purchased from Alfa Aesar (Kandel, Germany). Myelin Basic
Protein (MBP) was purchased from Merck (Milan, Italy). 2,2,2-trifluoroethanol-ds (TFE-ds)
was purchased from Deutero (Kastellaun, Germany).

4.2 Methods

4.2.1 Molecular modelling

The structure optimisation of native OT and its analogues I-VII and IR-VIIR were
performed at the DFT level with B3LYP functional and 6-31g(d,p) level of theory.
To determine the atomic charge was the Merz Kollman scheme. The Polarisable Continuum
Model (PCM) was used to estimate the impact of solvent on the conformation of examined
peptides and using water as a solvent. The Gaussian09 software was applied for all ab initio

calculations. The structures were visualised using BIOVIA Discovery Studio Visualizer

52



mgr Agnieszka Natalia Staskiewicz
CONSTRAINED SECONDARY STRUCTURES TO DEVELOP BIOACTIVE PEPTIDES AND PEPTIDOMIMETICS

software. The initial structure of OT was downloaded from PDB (PDB ID: 2MGO) [262].
Subsequently, the [1,2,3]-triazolyl moieties were substituted in the structures into disulphide
bonds. Moreover, cysteine residues were replaced with modified amino acids with alkyne

or azide functions.

4.2.2 Methods of synthesis

All presented syntheses and CUAAC reactions were performed at the Interdepartmental
Research Unit of Peptide and Protein Chemistry and Biology, Department of Chemistry

"Ugo Schiff" at the University of Florence with the support of Dr. Francesca Nuti.

4.2.2.1 Synthesis of linear oxytocin precursors

The OT linear precursor peptides I'-VI' and IR'-VIR" were performed on Rink-amide
Wang resin (0.64 mmol/g, 250 mg) and in the case of linear peptides VII' and VIIR'
on Tentagel® S RAM (0.23 mmol/g, 435 mg) by microwave-assisted solid-phase peptide
synthesis (MW-SPPS) following the Fmoc/tBu strategy, using the Liberty Blue™ automated
microwave peptide synthesiser (CEM Corporation, Matthews, NC, U.S.A).
Fmoc deprotections were performed with a solution of 20% piperidine in DMF (2 M).
Peptide assembly was performed by repeating the MW-SPPS standard coupling cycle for each
amino acid, using Fmoc-protected amino acids (2.5 equiv, 0.4 M in DMF), OxymaPure®
(2.5 equiv, 1 M in DMF), and DIC (2.5 equiv, 3 M in DMF). The coupling of unnatural amino
acids N*-Fmoc-Xaa(w-N3)-OH was performed using the protocol described by D'Ercole et al.
[88]. Both deprotection and coupling reactions were performed in a Teflon vessel
with microwave energy and nitrogen bubbling. Unclear peptide coupling steps were checked
by the ninhydrin test explained by Kaiser [263]. Cleavage of OT linear peptides I'-VII" and
IR'-VIIR' from the resin and simultaneous deprotection of the amino acid side chains were
carried out with a mixture of TFA:TIS:H,O (95:2.5:2.5, v:v:v, 1 mL/100 mg of resin-bound
peptide) for 3 h with vigorous shaking at RT. The resin was filtered and washed with TFA.
The filtrate was concentrated under N2 with the addition of cold iPr20O resulting in a precipitate
that was separated by centrifugation, dissolved in H20, and lyophilised [264].
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4.2.2.2 Synthesis of analogues of oxytocin I-VI and IR-VIR

Purified OT linear peptide precursors I'-VI" and IR'-VIR" (>95% purity) were subjected
to CUAAC reaction using the same conditions as those reported by Le Chevalier et al. [7].
The conversion of the purified OT linear peptide precursors to the required 1,4-
or 4,1-(1H-[1,2,3]-triazol-1-yl) containing cyclo-peptides was performed in a mixture
of H20:tBuOH (2:1, v:v), in the presence of 4.4-fold molar excess of CuSO4-5H20 and ascorbic
acid, by in situ formation of Cu(l) from Cu(ll) salts. The mixture was stirred overnight at RT.
Then, the solution was concentrated and lyophilised. The intermolecular macrocyclisation was
monitored by RP-HPLC ESI-MS. Complete conversion of all OT linear precursors
into the desired  (1H-[1,2,3]triazol-4-yl)-containing  cyclopeptides 1-VI  (Table 3)
and (1H-[1,2,3]triazol-1-yl)-containing cyclopeptides IR-VIR (Table 4) was achieved after
18 hours [264].

4.2.2.3 Synthesis of analogues of oxytocin VII and VIIR

Peptide-resin VII' (0.1 mmol) (Table 3) and peptide-resin VIIR" (0.1 mmol) (Table 4)
were subjected to microwave-assisted CUAAC reaction as reported by D'Ercole et al. [88].
The reaction was applied using CuBr (1.2 equiv) and sodium ascorbate (1.5 equiv) diluted
into a mixture of DMSO and DMF, DIPEA (5 equiv), and 2,6-lutidine (5 equiv)
at 55°C for 10 min. The monitoring of the intermolecular macrocyclisation was performed
by a mini-cleavage.

The peptide was cleaved following the general cleavage protocol, purified, and analysed
as described for peptide precursors I'-VI' and IR'-VIR" [264].

4.2.2.4 Synthesis of MBP peptides

All MBP peptides (1-6) were synthesised in solid-phase using a MW-SPPS on a Liberty
Blue™ automated peptide synthesiser (CEM Corporation, Matthews, NC, U.S.A.), following
the Fmoc/tBu methodology [265-267]. Tentagel® S RAM resin (loading 0.23 mmol/g)

was used for the synthesis of peptides 1, 5, and 6. Fmoc-Lys(Boc)-Wang Tentagel® resin
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(loading 0.23 mmol/g) was used for the synthesis of peptides 2, 3, and 4. Fmoc-deprotections
were performed with a solution of 20% (v:v) piperidine in DMF (2 M). Peptide assembly was
performed by repeating the standard MW-SPPS coupling cycle for each amino acid,
using Fmoc-protected amino acids (2.5 equiv, 0.4 M in DMF), OxymaPure® (2.5 equiv, 1 M
in DMF), and DIC (2.5 equiv, 3 M in DMF). Doubtful peptide coupling steps were tested
by micro-cleavages performed with a microwave apparatus CEM Discover™ single-mode MW
reactor (CEM Corporation, Matthews, NC, U.S.A.) or by the ninhydrin test [263].

Resins with peptides 2-4 were N-terminal acetylated before cleavage, using two portions
of Ac20 in a DMF solution for 10 min at RT. Final cleavage and side-chain deprotections were
performed using a mixture of TFA:TIS:H20 (95:2.5:2.5, v:v:v) at RT. After 2.5 h, each resin
was filtered off, and the solution was concentrated, flushing with N.. Each peptide was

precipitated from cold Et,O, centrifuged, and lyophilised [104].

4.2.3 Techniques of purification of synthesised products

All presented data from the purification of obtained products I-VI1, IR-VIIR, and 1-6 were
received at the Interdepartmental Research Unit of Peptide and Protein Chemistry and Biology,
Department of Chemistry "Ugo Schiff" at the University of Florence with the support of

Dr. Francesca Nuti.

4.2.3.1 Purification of oxytocin linear peptide precursors

Lyophilised crude linear peptides I'-VI" and IR'-VIR" were purified by Biotage® Isolera™
Systems instrument (Uppsala, Sweden) on SNAP Ultra C18 column (25 g) at 20 mL/min using
a gradient 0-60% of B. The used eluent system: A (0.1% TFA in H20) and B (0.1% TFA
in ACN) [264].
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4.2.3.2 Purification of analogues of oxytocin

The crude 1H-[1,2,3]-triazolyl-containing cyclopeptides I-VII and IR-VIIR were purified
by Biotage® Isolera™ Systems instrument (Uppsala, Sweden) on SNAP Ultra C18 column
(25 g) at 20 mL/min using a gradient 0-60% of B. The used eluent system: A (0.1% TFA
in H20) and B (0.1% TFA in ACN).

The copper salts were removed by elution with H.O before initiating the gradient [264].

4.2.3.3 Purification of MBP peptides

The crude peptides 1-6 were purified by RP-HPLC on an Isolera One Flash
Chromatography (Biotage, Uppsala, Sweden) using a SNAP Ultra C18 column (25 @)
at 20 mL/min. The used eluent system: A (0.1% TFA in H20) and B (0.1% TFA in ACN).

The second step of purification of the MBP peptides 1-6 was performed by semipreparative
RP-HPLC on a Waters instrument (Separation Module 2695, detector diode array 2996) using
a Sepax Bio-C18 column (Sepax Technologies, Newark, U.S.A.) (5 uM, 250 mm x 10 mm)
at 4 mL/min. The used eluent system: A (0.1% TFA in H20) and B (0.1% TFA in ACN) [104].

4.2.4  Analytical characterisation of purified products

All presented data of analytical characterisation of obtained products I-VII, IR-VIIR,
and 1-6 were received at the Interdepartmental Research Unit of Peptide and Protein Chemistry
and Biology, Department of Chemistry "Ugo Schiff" at the University of Florence

with the support of Dr. Francesca Nuti.

Characterisation of the OT, OT cyclopeptides I-VII and IR-VIIR was performed
by analytical HPLC using a Waters ACQUITY HPLC coupled to a single quadrupole ESI-MS
(Waters® ZQ Detector, Waters Milford, MA, U.S.A.) with a BEH C18 column (5 um,
2.1 mm x 50 mm) at 35°C, A=215 nm, at 0.6 mL/min with eluent systems: A (0.1% TFA
in H20) and B (0.1% TFA in ACN). Gradient elution was performed with a flow of 0.6 mL/min

and started at 10% B, with a linear increase to 60% B in 5 min.
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Characterisation of the MBP peptides 1-6 was performed by analytical HPLC using
a Waters ACQUITY HPLC coupled to a single quadrupole ESI-MS (Waters® ZQ Detector,
Waters Milford, MA, U.S.A.) supplied with a BEH C18 column (1.7 pm, 2.1 mm X 50 mm)
at 35 °C, A=215 nm, at 0.6 mL/min with solvent systems: A (0.1% TFA in H20) and B
(0.1% TFA in ACN). Gradient elution was performed with a flow of 0.6 mL/min and started
at 10% B, with a linear increase to 90% B in 5 min. Data were acquired and processed using
MassLynx software (Waters, Milford, MA, U.S.A.).

The mass analysis of the OT cyclopeptides I-VI1I and IR-VIIR was performed on a Single
Quadrupole ESI-MS Micromass ZQ coupled to RP-HPLC system Waters Alliance 2695
Separation Module equipped with a Photodiode Array Detector Waters PDA 2996 (Waters,
MA, U.S.A.). Data were acquired and processed using MassLynx software (Waters, Milford,
MA, U.S.A.) [104,264].

The HPLC chromatograms and ESI-MS spectra of all obtained products are reported
in Supplementary material as Figure S1-S42.

4.25 Immunoassays of MBP peptides

Immunoassays, particularly inhibition ELISA and SP-ELISA, were performed
and interpreted by MSc Michael Quagliata and Dr. Feliciana Real-Fernandez
at the Interdepartmental Research Unit of Peptide and Protein Chemistry and Biology,
Department of Chemistry "Ugo Schiff" at the University of Florence.

4.25.1 Sample sera collection

Fifteen MuSc patients were recruited in the Multiple Sclerosis Clinical Care and Research
Centre at the Department of Neurosciences, Reproductive Sciences, and Odontostomatology
at the University of Naples "Federico 11".

The RRMuSc patients were previously diagnosed after a LP, CSF analysis, and MRI
examination and achieved the established international diagnostic criteria [268,269].

The presented studies were performed in accordance with the Declaration of Helsinki.
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The completed experimental protocols were accepted by the Ethics Committee in 2006
(protocol n. 120/06) and 2017 (protocol n. 160/17).

Blood samples were drawn during the regular follow-up of patients, while the healthy
control samples were carried out during blood donations or routine health checks. Sera samples
were obtained for diagnostic reasons from patients and healthy controls who had given their
informed consent. Blood samples were centrifuged at 4000 rpm for 10 min, and sera supernatant
was stored at -20°C until use [104].

4.2.5.2 Set-up of the coating conditions

All MBP peptides 1-6 were dissolved in buffer carbonate (pH 9.8) or PBS (pH 7.2),
independently. Plates were coated using a buffer without peptide to evaluate the influence
of peptide in the obtained signals. Polystyrene 96-well ELISA plates were coated
with 100 puL/well of a 10 pg/mL solution of synthetic peptide antigens 1-6 diluted in tested
buffers. After overnight incubation at 4°C, plates were washed thrice using a washing buffer.
Nonspecific binding sites were blocked with 100 puL/well of FBS buffer (10% FBS in washing
buffer) or 5% bovine serum albumin (BSA) buffer at RT for 1 h. The blocking buffer was
removed, and plates were incubated overnight at 4°C with buffer as blank, expected positive
and negative sera (diluted 1:100 in 10% FBS buffer or 2.5% BSA buffer, 100 pL/well).
After three washes, plates were treated with 100 pL/well of anti-human 1gG or IgM alkaline
phosphatase-conjugated specific antibodies diluted in FBS buffer 1:3000 (IgG) and 1:200 (IgM)
for all tested peptide antigens 1-6. After 3 h of incubation at RT and three washes,
100 pL of substrate buffer (1 mg/mL pNPP, 0.01 M MgCl> in carbonate buffer, pH 9.6)
was added to each well. The colourimetric reaction was carried out by adding 100 pL
of substrate reaction solution (1 mg/mL pNPP, 0.01 M MgCl. in carbonate buffer, pH 9.6)
to each well, and plates were read at 405 nm using a TECAN plate reader. After 30 min,
the reaction was stopped with 1 M NaOH solution (50 pL/well), and the absorbance was read
in a multichannel ELISA reader (Tecan Sunrise, Méannedorf, Switzerland) at 405 nm.
Antibody titer values were calculated as (mean Abs of serum duplicate) - (mean Abs of blank
duplicate). The graphical representation of calculated mean values is shown in Supplementary
material as Figure S43-S49 [104].
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4.2.5.3 Inhibition ELISA

Nunc-Immuno MicroWell 96-well polystyrene ELISA plates (NUNC Maxisorb, product
code M9410, Merck, Milan, Italy) were coated with a solution of 10 ug/mL of the peptide
antigens 1-6 in 0.05 M pure carbonate buffer with pH 9.6 adding 100 uL/well and incubated
at 4°C overnight. After five washes with a washing buffer (0.9% NaCl, 0.05% Tween 20) using
an automatic Hydroflex microplate washer (Tecan lItalia, Milan, Italy). Nonspecific binding
sites were blocked with 100 puL/well of FBS buffer solution (10% FBS in washing buffer) at RT
for 1 h [270]. Semi-saturating sera dilution was calculated in preliminary titration curves
(absorbance 0.7). Seven different concentrations of each synthetic antigenic peptide probe were
used as inhibitors. Then, sera samples at the selected dilution were incubated in parallel
with increasing concentrations of antigens (range 1 x 10% to 1 x 10* M) for 1 h at RT.
All competitive experiments were performed in triplicate. After three washes with washing
buffer, uninhibited antibodies were identified by adding 100 pL/well of alkaline
phosphatase-conjugated to anti-human immunoglobulin G or M (IgG and IgM, Merck, Milano,
Italy) diluted 1:3000 (IgG) and 1:200 (IgM) in FBS buffer. Then the microplates were incubated
for 3 h at RT and, after three washes with washing buffer, 100 uL of substrate solution
consisting of 1 mg/mL p-nitrophenyl phosphate pNPP (Merck, Milan, Italy) and 0.01 M MgCl>
in carbonate buffer (pH 9.6) were added. After approximately 30 min, the reaction was stopped
with 1 M NaOH solution (50 pL/well), and the absorbance was read in a multichannel ELISA
reader (Tecan Sunrise, Mannedorf, Switzerland) at 405 nm. Antibody titer values were
calculated as (mean Abs of serum triplicate) - (mean Abs of blank triplicate), graphically
representing the absorbance inhibition percentage. As references, one positive and one negative
serum were included in each plate for further normalisation. Each experiment was performed
at least twice on different days. Within-assays and between-assays coefficients of variations
were below 10%. Calculated half maximal inhibitory concentrations (ICso) are reported for each
antigen [104].
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4254 SP-ELISA

Immunoassays were performed to evaluate IgM or IgG antibodies in sera by SP-ELISA.
For this purpose, the synthetic peptide antigens 1-6 were coated on 96-well ELISA plates
(NUNC Maxisorb, product code M9410, Merck, Milan, Italy). Coating conditions were set up
separately for each peptide. Polystyrene 96-well ELISA plates were coated with 100 pL/well
ofa 10 pg/mL solution of synthetic peptide antigens 1-6 diluted in 0.05 M pure carbonate buffer
(pH 9.6), individually. After overnight incubation at 4°C, plates were washed thrice using
a washing buffer. Nonspecific binding sites were blocked with 100 puL/well of FBS buffer
solution (10% FBS in washing buffer) at RT for 1 h. FBS buffer was removed, and plates were
incubated overnight at 4°C with sera (diluted 1:100 in FBS buffer, 100 pL/well). After three
washes with washing buffer, plates were treated with 100 puL/well of anti-human IgG or IgM
alkaline phosphatase-conjugated specific antibodies diluted in FBS buffer 1:3000 (I1gG)
and 1:200 (IgM) for all tested antigens. After 3 h of incubation at RT and three washes
with washing buffer, 100 pL of substrate buffer (1 mg/mL pNPP, 0.01 M MgCl. in carbonate
buffer, pH 9.6) was added to each well. The colourimetric reaction was carried out by adding
100 pL of substrate reaction solution (1 mg/mL pNPP, 0.01 MgCl> M in carbonate buffer,
pH 9.6) to each well, and plates were read at 405 nm using a TECAN plate reader. After 30 min,
the reaction was stopped with 1 M NaOH solution (50 uL/well), and the absorbance was read
in a multichannel ELISA reader (Tecan Sunrise, Ménnedorf, Switzerland) at 405 nm.
Antibody titer values were calculated as (mean Abs of serum triplicate) - (mean Abs of blank
triplicate), graphically representing the calculated mean values. As references, one positive
and one negative serum were included in each plate for further normalisation. Each experiment
was performed at least twice on different days. Within-assays and between-assays coefficients

of variations were below 10% [104].
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4.2.6 Circular dichroism spectroscopy

4.2.6.1 Circular dichroism of oxytocin and its analogues

CD spectra of oxytocin and its analogues I-IV and IR-IVR were recorded
by Prof. Dr. Maud Larregola at the PeptLab@UCP at the Université de Cergy-Pontoise
associated with Interdepartmental Research Unit of Peptide and Protein Chemistry and Biology
of the University of Florence.

Moreover, CD spectra of oxytocin and the second series of analogues of oxytocin V-VII
and VR-VIIR were registered at the Department of Bioorganic Chemistry at the Wroctaw
University of Science and Technology.

CD spectra were recorded on JASCO J-815. The CD experiments were registered in H.0O
between 270 and 185 nm at 25°C. The CD spectra were registered with the following
parameters: 0.2 nm resolution, 1.0 nm bandwidth, 20 mdeg sensitivity, 0.25 s response,
100 nm-min scanning speed, 5 scans, and 0.02 cm cuvette path length. The CD spectra
of solvents were recorded and subtracted from the raw data. The spectra were corrected
by a baseline that was measured with the identical solvent in the same cell. The CD intensity

is given as mean residue molar ellipticity (8) [deg-cm?-dmol™] [104].

The residue molar ellipticity (0) was calculated according to:

( deg )
C-1-AA

="

0 — residue molar ellipticity [deg-cm?-dmol™]
C — concentration [m—oi]
dam

| — cell path length [cm]

AA — number of amino acid residues
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4.2.6.2 Circular dichroism of MBP peptides

All presented CD spectra of synthetic MBP peptides 1-6 were recorded at the Department
of Bioorganic Chemistry at the Wroctaw University of Science and Technology.

CD spectra were recorded on JASCO J-815 with increasing temperature from 10 to 60°C
in increments of 5°C between 270 and 185 nm. The CD experiments were registered in H-O,
a mixture of H.O:TFE (50:50, v:v) and PBS (phosphate buffered saline, pH 7.4, containing:
sodium chloride, potassium chloride, sodium phosphate dibasic, potassium phosphate
monobasic). The CD spectra were registered with the following parameters: 0.2 nm resolution,
1.0 nm bandwidth, 20 mdeg sensitivity, 0.25 s response, 100 nm-min™* scanning speed, 5 scans,
and 0.02 cm cuvette path length. The CD spectra of solvents were recorded and subtracted from
the raw data. The CD spectra were corrected by a baseline that was measured with the identical
solvent in the same cell. The CD intensity is given as mean residue molar ellipticity (0)
[deg-cm?-dmol™] calculated in the same way presented above. Furthermore, in studied peptides,
the helix contents were determined [271].

Helix content (%) was calculated according to [271]:

[6]222

2.57

=1 —39500 - (1 ‘T)

[0]222 — residue molar ellipticity at 222 nm

n —number of peptide bonds
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4.2.7 NMR studies of obtained peptides and peptidomimetics

4.2.7.1 NMR studies of oxytocin and its analogues

The NMR spectra of oxytocin and its analogues I-VII and IR-VIIR were recorded
and interpreted by Prof. Dr. Maud Larregola at the PeptLab@UCP at the Université de Cergy-
Pontoise associated with the Interdepartmental Research Unit of Peptide and Protein Chemistry
and Biology of the University of Florence and Prof. Dr. Olivier Lequin in the Laboratory
of Biomolecules at the Sorbonne University.

Lyophilised peptides were dissolved at a concentration of 2 to 3 mM in 550 uL of H20:D,0
(90:10, v:v) containing 50 mM deuterated sodium succinate, pH 5. Sodium 4,4-dimethyl-4-
silapentane-1-sulphonate-ds (DSS) was added at a final concentration of 0.11 mM for chemical
shift calibration. NMR experiments were recorded on Bruker Avance 111 500 MHz spectrometer
equipped with a TCI *H/**C/*>N cryoprobe with a Z-axis gradient. NMR spectra were processed
with Topspin 3.2 software (Bruker) and analysed with the NMRFAM-SPARKY software [272].
'H, BC and *®N resonances were assigned using 1D *H WATERGATE, 2D 'H-'H TOCSY
(DIPSI-2 isotropic scheme of 72 ms duration), 2D 'H-'H ROESY (300 ms mixing time),
2D H-13C HSQC, 2D H-BC HSQC-TOCSY and 2D !H-®N HSQC spectra recorded
with range between 5 to 25°C. *H chemical shift was referenced against DSS. *H, *C and **N
chemical shift signals were referenced indirectly. The chemical shift deviations (CSD) were
calculated as the differences between observed chemical shifts and random coil values reported
in water [273]. The temperature gradients of the amide proton chemical shifts were derived
from 1D 'H WATERGATE experiments recorded from 5 to 25°C. 3Jun-ne Were measured
on 1D *H WATERGATE spectra.

'H, 13C, and ®N resonances of selected peptidomimetics were assigned using scalar
coupling and dipolar coupling correlation experiments. The turn propensities of the different
peptides were investigated by analysing 3Jun-na coupling constants, characteristic sequential,
medium-range ROEs, and the temperature dependence of amide protons. Structures of effective
forms of studied peptides were calculated on the basis of ROE-based distance restraints
and 3J coupling-based dihedral angle restraints [264].
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4.2.7.2 NMR structure calculations of oxytocin and its analogues

The NMR structure calculations of oxytocin and its analogues 1-VII and IR-VIIR were
performed and interpreted by Prof. Dr. Maud Larregola at the PeptLab@UCP at the Université
de Cergy-Pontoise associated with the Interdepartmental Research Unit of Peptide and Protein
Chemistry and Biology of the University of Florence and Prof. Dr. Olivier Lequin
in the Laboratory of Biomolecules at the Sorbonne University.

Inter-proton distance restraints were derived from ROESY cross-peak volumes integrated
using the NMRFAM-SPARKY software. Upper bounds for proton pairs were calculated using
the most intense inter-residual HN-H® correlation as a reference (distance set to 2.2 A).
ROE cross-peak volumes involving chemically equivalent protons were divided
by the multiplicity of protons, and distance restraints were calculated using the r® average.
An additional tolerance of 10% was applied to the upper bounds for backbone protons and 20%
for side chain protons. The lower bounds were set to the sum of the van der Waals radii
of protons. @ angle restraints were derived from 3Jun-na coupling constants using a Karplus
relationship. The force constants for distance and dihedral angle restraints were set to
20 kcal-mol™®-A2 and 50 kcal-mol™-rad?, respectively.

Structures were calculated using the Amber 14 software. Noncanonical amino acid residues
were parameterised using general Amber force field (gaff) atom types, and partial charges were
computed via the AM1-BCC method implemented within the Antechamber software. Peptides
were built using the ff14SB force field. A set of one hundred structures was calculated
by simulated annealing in vacuo using NMR-derived experimental restraints and dihedral angle
restraints to fix the trans configuration of amide bonds. The best twenty structures exhibiting
the lowest potential energy and minimal restraint violations (<0.2 A and <5° for distances
and dihedral angles restraints, respectively) were selected to represent the final NMR ensemble
[264].
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4.2.7.3 NMR studies of MBP peptides

Firstly, the NMR spectra of peptides 1 and 2 were recorded and interpreted
by Prof. Dr. Alfonso Carotenuto and Dr. Diego Brancaccio at the Department of Pharmacy
at the University of Naples "Federico 11"

The samples for NMR studies of peptides 1 and 2 were prepared by dissolving
the appropriate amount of peptide in 50 mM potassium phosphate buffer (pH 6.5), 10% D>0,
and 100 mM DPC-dsg. NMR spectra were recorded on a Varian INOVA 600 MHz spectrometer
equipped with a z-gradient 5 mm triple-resonance probe head. The spectra were recorded at
25°C and were calibrated relative to TSP (0.00 ppm) as the internal standard. One-dimensional
(1D) NMR spectra were recorded in the Fourier mode with quadrature detection. The water
signal was suppressed by gradient echo [274]. 2D DQF-COSY [275,276], 2D *H-H TOCSY
[277], and 2D 'H-'H NOESY [278] spectra were recorded in the phase-sensitive mode. Data
block sizes were 2048 addresses in T2 and 512 equidistant T1 values. Before the Fourier
transformation, the time domain data matrices were multiplied by shifted sin2 functions in both
dimensions. A mixing time of 70 ms was used for the 2D H-'H TOCSY experiments.
2D H-'H NOESY experiments were run with a mixing time of 100 ms [104].

Moreover, the following data obtained in NMR studies were recorded and interpreted
at the Department of Bioorganic Chemistry at the Wroctaw University of Science
and Technology with the support of Dr. Michat Jewginski.

All lyophilized MBP peptides 1-6 were dissolved in a mixture of H>O:D,0 (90:10, v:v)
and TFE-d3:D20:H20 (50:10:90, v:v:v). NMR spectra were recorded on a Bruker Advance
600 MHz spectrometer. Chemical shifts are given in ppm relative to residual solvent signals.
NMR spectral signal assignment and integration were carried out with Topspin 3.2 software
(Bruker) and analysed with the NMRFAM-SPARKY software. *H- and **C-NMR spectra as well
as 'H-'H-COSY, !H-'H-TOCSY, !H-'H-NOESY, H-'H-ROESY, !H-BC-HSQC,
and *H-3C-HMBC spectra were used for the signal assignments. *H-'H-NOESY experiments
were carried out with a mixing time of 200 to 350 ms. Temperature experiments were recorded
in the range of 288 to 313 K.
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4.2.7.4 NMR structure calculations of MBP peptides

All molecular dynamics calculations were performed and interpreted at the Department
of Bioorganic Chemistry at the Wroctaw University of Science and Technology
by Dr. Michat Jewginski.

Determination of the structural preferences of the analysed MBP peptides 5 and 6 was based
on molecular modelling methods using linear simulated annealing molecular dynamics
and molecular mechanics. The computational techniques and topological data for individual
building blocks were established primarily on experimental data. The applied experimental data
were distance constraints and constraints imposed on the torsion angles of the main chains
of peptides.

Moreover, the distance constraints were defined based on correlation signals of 2D
H-'H-NOESY spectra, using as reference distances between geminal protons of methylene

groups according to the equation presented below to determine the inter-proton distances [279].

The distance between peaks was calculated according to [279]:

aref
al-j

) /s

rij = Tref(

rij — the distance between peaks,

ref — known reference distance between peaks,
aref — the volume of the reference cross peaks,
aij — the volume of the cross peaks.

The found distance constraints were sorted, due to the calculated distances, into three
categories:

a. strong (1.8—-2.5A),

b. medium (1.8 -3.5 A),

c. weak (1.8—5.0 A).
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Worth to mention that the conformational analyses were carried out in two stages.
In the first stage, a stretched conformation was generated based on the amino acid sequence,
and then, using the linear annealing method, molecular dynamics were carried out by gradually
cooling the system from 3500 K to 25 K in steps of 12.5 K.

According to this procedure, one thousand independent structures were generated.
For the data found in this method, the structures were clustered by the positions of the main
chain atoms: N(H)-Ca-C(O). A different number of amino acids was used for clustering,
depending on the flexibility of the main chain.

Furthermore, conformation refinement was performed using structural constraints
for the structures representative of the obtained clusters (NOE, Junus®). In this technique,
one thousand independent conformations were determined for each arrangement,
which were subsequently clustered based on the positions of the main chain.
Finally, the analyses of torsion angles were performed for the obtained clusters.

4.2.8 Pharmacological experiments of oxytocin and its analogues

All pharmaceutical assays of oxytocin and its analogues I-VII and IR-VIIR were
performed and analysed by MSc Bernhard Retzl, MSc Natasa Tomasevic,
and Prof. Dr. Christian W. Gruber in the Center for Physiology and Pharmacology

at the Medical University of Vienna.

4.2.8.1 Sample sera collection

A sample of sera from a 40"-week pregnant woman was collected
by Prof. Dr. Maria E. Street at the Department of Medicine and Surgery at the University
of Parma.

One serum sample from a 40"-week pregnant woman was used as control and obtained
within the study protocol 2020_0119314, approved by the AVEN ethics committee in Reggio
Emilia on 15/10/2020. The study was performed according to the Declaration of Helsinki,

and written informed consent was obtained as appropriate.
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4.2.8.2 Stability assay

Stock solutions (1 mg/mL) of native OT and analogues of oxytocin IV and IVR were
prepared in H2O and stored at 4°C until use. These three peptide solutions (0.1 mg/mL) were
prepared by diluting the respective stock solutions in phosphate buffer at pH 7.2. Each peptide
solution (50 pL) was added to the 40"-week pregnant serum (300 pL) and incubated at 37°C.
A reference peptide was used as an internal standard. At selected times (1, 3, 5, 20, 24, 48 h),
an aliquot (30 uL) of each peptide was taken and quenched with a solution of H2O:ACN (1:1)
with 0.1% TFA (70 pL). The vial containing the solution was cooled at 0°C for 5 min.
After centrifugation (11000 rpm, 10 min), the supernatants were analysed (2 x 10 uL, injection)
by RP-HPLC-MS at 215 nm. Data analysis (n = 2) was performed using Prism Version 6,

a nonlinear fit one-phase decay model [264].

4.2.8.3 Membrane preparation

HEK?293 cells stably expressing the receptor of interest [262] were seeded in 10-cm dishes.
At about 80% confluency, the cell monolayer was rinsed with ice-cold PBS, mechanically
detached with a cell scraper, resuspended in 5 mL of ice-cold PBS, and harvested
by centrifugation at 300 x g and 4°C. The pellet was resuspended in 1 L of ice-cold hypotonic
buffer (50 mM TRIS, 5 mM MgCly, 0.1% BSA) supplemented with a complete protease
inhibitor cocktail. Cells were subsequently disrupted by four 10-s ultrasonication cycles using
a benchtop ultrasonic cleaner filled with ice-cold water. Membranes were pelleted
by centrifugation at 38000 x g and 4°C for 30 min, resuspended in ice-cold hypotonic buffer,
aliquoted, and stored at -80°C. The protein concentration was determined with the BCA assay
[264].

4.2.8.4 Radioligand binding experiments

For radioligand binding experiments, ligands were incubated with HEK293 cell membranes

stably expressing oxytocin GFP-tagged receptors for 1 h at 37°C. The unbound ligand was
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removed by rapid filtration over glass fibre filters using a cell harvester (Skatron). Non-specific
binding was determined in 10 uM of unlabelled OT or AVP. Data were expressed
as a percentage of specific displacement of [*H]-OT/AVP that was normalised between
nonspecific and total binding. One-point displacement experiments were measured in technical
duplicates, and heatmaps were created in Python 3 software using the seaborn module [280].
For concentration-response experiments, samples were measured in technical duplicates

and fitted with a three-parameter model (hill slope = 1) in GraphPad Prism software [264].

4.2.8.5 Second messenger formation

The formation of the second messenger IP-3 was measured with an 1Py Tb kit (Cisbio,
Codolet, France) according to the protocol of the manufacturer with minor changes [281].
HEK293 cells stably expressing the GFP-tagged oxytocin receptor were seeded in white
348-well plates (Greiner bio-one) at a cell density of 10* cells per well. After 48 h, the cell
culture medium was removed, and 5 pL of stimulation buffer was added, followed
by incubation for 30 min. Then, the peptide solutions at indicated concentrations prepared
in the stimulation buffer were added, and the plate was incubated for 1 h at 37°C and measured
as outlined below.

The antagonism of sample 1VR at the OTR was characterised by Schild regression analysis
[281,282]. Briefly, concentration-response curves of OT were measured in the presence
and absence of analogue IVR. The cells were pre-treated with the peptidomimetic IVR
(100 nM, 300 nM, 1 uM and 3 pM) for 30 min at 37°C followed by co-incubation of OT
for an additional 30 min at 37°C. The reaction was terminated by adding 5 uL of IP1-1-d>
and 5 uL of Ab-cryptate. After 1 h of incubation at 37°C, fluorescence was measured
on a Flexstation 3 (Molecular Devices, San Jose, CA, U.S.A.) and quantified using
the 665/620 nm ratio. The samples were measured in technical triplicates. The data were
normalised between the response of the positive control (10 uM of oxytocin) with the negative
control (stimulation buffer) and fitted by nonlinear regression using GraphPad Prism software.
The logarithm of the concentration ratio (A'/A-1) was plotted against the logarithm
of the respective concentration of analogue IVR to generate the pA2 value (functional
inhibitory affinity) [264].
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5 RESULTS AND DISCUSSION

5.1 Synthesis and design of studied peptides and peptidomimetics

Solid-Phase Peptide Synthesis is a valuable method for the preparation of amino acid chains
of peptides or peptidomimetics, in particular oxytocin and its analogues or synthetic MBP
peptides. The sequences of required structures were well-known, so it accelerated the whole
experimental process.

The main advantage of using this method is reducing the time of the syntheses because
MW-SPPS synthesised all products presented in this PhD thesis. On the other hand, using
high-priced reagents in excess is necessary during the SPPS, especially in synthesising
analogues of OT with modified amino acids possessing azide or alkyne functions.

Additionally, after the SPPS, it was necessary to purify obtained products. The purification
of analogues of OT was complicated due to the low stability of modified amino acid residues.
This issue was not observed in the case of the series of synthetic MBP peptides because these
structures own typical amino acid sequences.

It is worth noting that many reagents applied during the SPPS harm the environment.
This is a huge disadvantage of using this technique, although the mentioned technique has more
benefits than drawbacks.

5.1.1 Synthesis strategy of analogues of oxytocin

In this study, it was designed a series of 1,4- or 4,1-disubstituted-(1H-[1,2,3]triazol-1-yl)-
bridged i-to-i+5 side chain-to-side chain OT homologues that vary in the size of the heterodetic
ring-forming linker connecting Col-to-Co®, the location of the [1,2,3]triazol-1-yl moiety
in the linker  Ca!-(CH2)m-1,4-/4,1-disubstituted-(1H-[1,2,3]triazol-1-yl)-(CH2)a-Ca®  where
m+n=5 (m and n=1, 2, 3 and 4), m+n=3 (m and n=1 or 2) or m+n=2 (m and n=1)
and its orientation in the linker (Table 3 and Table 4).

The synthesis was carried out by the MW-SPPS technique following the Fmoc/tBu
methodology [2,88]. It was used N*-Fmoc-w-azido- and N*-Fmoc-w»-ynoic-a-amino acids
as building blocks to generate two sets of precursors that will differ in the order of incorporating
these two complementing blocks. Locating the N*-Fmoc-w-azido- and N*-Fmoc-w-ynoic-a-
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amino acids in positions 1 and 6, respectively, will generate the set of 1,4-disubstituted-(1H-
[1,2,3]triazol-4-yl)-bridged analogues (Table 3, precursors I'-VII'). On the other hand,
placing the same complementing building blocks in the reversed order, namely positions
6 and 1, respectively, will generate the set of 4,1-disubstituted-(1H-[1,2,3]triazol-1-yl)-bridged
analogues (Table 4, precursors IR'-VIIR") [264].

Table 3 Sequences of the linear precursors H-Xaa!-Tyr?-1le3-GIn*-Asn®-Yaab-Pro’-Leu-Gly®-NH; (I'-VI1")
and the 1,4-(1H-[1,2,3]-triazol-1-yl) containing cyclo-peptides (1-V11), {[H-Ala(&")-Tyr?-1le3-GIn*-Asn°-
Ala(&?)-Pro’-Leud-Gly®-NH]} {[1-[&}(CH2)m]-1H-1,2,3-triazol-4-yI]-(CH2)n&*]} with m+n=5, 3 or 2 and m
and n=1-4, 1-2, or 1 [264].

Linear Precursor [1,2,3]-triazolyl containing cyclo-peptides
N=N
: H-Nle(e-Na)-Tyr-1le-GIn-Asn- | (i N_ ),
Pra-Pro-Leu-Gly-NH2 H,NCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,
N=N
" H-Nva(3-Ns)-Tyr-1le-Gln-Asn- | (P N_/ s
Hex(5-ynoic)-Pro-Leu-Gly-NH2 H,NCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,
N=N
" H-/Ala(y-Ns)-Tyr-1le-GIn-Asn- " (75 N <{)3
Hept(6-ynoic)-Pro-Leu-Gly-NH: H,NCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,
N=N
v H-Ala(p-N3)-Tyr-1le-GIn-Asn- v (p- N 9,
Oct(7-ynoic)-Pro-Leu-Gly-NHz H,NCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,
N=N
Y H-hAla(y-N3)-Tyr-1le-Gln-Asn- v (5 N_ :‘g
Pra-Pro-Leu-Gly-NH: H,NCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,
N=N
gy RN Tyrlle-Gln-Asn- . i N_A—H),
Hex(5-ynoic)-Pro-Leu-Gly-NH2 H,NCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,
N=N
H-Ala(f3-N3)-Tyr-lle-GIn-Asn- (p N__ )
VIl AN Ty VII 1 !
Pra-Pro-Leu-Gly-NH: H,NCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,

All amino acid residues are presented in the L configuration.
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Table 4 Sequences of the linear precursors H-Yaal-Tyr?-1le3-GIn*-Asn>-Xaa®-Pro’-Leu?-Gly®-NH;
(IR*-VIIR") and the 4,1-(1H-[1,2,3]-triazol-1-yl) containing cyclo-peptides (IR-VIIR), {[H-Ala(&?)-Tyr?-1le-
GlIn*-Asns-Ala(&?)-Pro’-Leut-Gly°’-NH2]} {[1-[&(CH2)m]-1H-1,2,3-triazol-4-yl]-(CH2)n&*]} with m+n=5, 3 or

2 and m and n=1-4,1-2, or 1 [264].

Linear Precursor [1,2,3]-triazolyl containing cyclo-peptides
N:N
H-Oct(7-ynoic)-Tyr-1le-GIn-Asn- QHN )
IR IR ¢ 1
Ala(p-N3)-Pro-Leu-Gly-NH: H,NCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,
/N:N
H-Hept(6-ynoic)-Tyr-lle-GIn-Asn- (p N
R pt(6-ynoic)-Ty IR 5 N ),
hAla(y-N3)-Pro-Leu-Gly-NH: H,NCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,
/N:N
H-Hex(5-ynoic)-Tyr-1le-Gln-Asn- (0 SN )
R (>-ynoic)-Ty IR 2 s
Nva(5-N3)-Pro-Leu-Gly-NH> H,NCHCO-Tyr-lle-Gln-Asn-NHCHCO-Pro-Leu-Gly-NH,
H-Pra-Tyr-le-GIn-A =
-Pra-Tyr-lle-GIn-Asn- \
IVR' IVR K NN,
Nle(e-Ns)-Pro-Leu-Gly-NH2 H,NCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,
H-Hex(5-ynoic)-Tyr-1le-GIn-Asn- N=N
VR’ | VR ‘r—42 \,N—(?1
Ala(f-Nz)-Pro-Leu-Gly-NH; H,NCHCO-Tyr-lle-Gln-Asn-NHCHCO-Pro-Leu-Gly-NH,
H-Pra-Tyr-lle-Gln-Asn- \ N=N ,
VIR’ VIR ﬂ|1 SN fi,
hAla(y-N3)-Pro-Leu-Gly-NH2
H,NCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,

H-Pra-Tyr-1le-GIn-Asn-

N=N
VIIR' VIIR (MN
Ala(p-N3)-Pro-Leu-Gly-NH; ! N .
HoNCHCO-Tyr-lle-GIn-Asn-NHCHCO-Pro-Leu-Gly-NH,

All amino acid residues are presented in the L configuration.

It was synthesised the fourteen linear peptide precursors I'-VII" and IR'-VIIR' employing
N®-Fmoc-w-azido-a-amino acids and N*-Fmoc-w-ynoic-a-amino acids to replace the protected

cysteine residue building blocks in the stepwise assembly of the fully protected resin-bound

precursors [87,283].
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The linear unprotected peptide precursors I'-VII' and IR'-VIIR' were obtained
by MW-SPPS following the Fmoc/tBu strategy [7]. Deprotection and cleavage from resin
generated the OT linear precursors I'-VII' and IR-VIIR" that were then submitted to
CuAAC-mediated solution phase intramolecular macrocyclisation procedure as reported
by Le Chevalier et al. and Rostovtsev with coworkers [7,75]. Following the mentioned
procedure, it successfully converted the linear precursors I'-VI' and IR'-VIR' to the respective
analogues of oxytocin I-VI and IR-VIR with yields ranging from 15-45% (Figure 12).

However, when applied to the linear OT precursors VII' and VIIR', the same procedure did
not generate the anticipated respective cyclopeptides VII and VIIR. In this series, the cyclic
OT analogues VII and VIIR present the shortest bridge (-CH2-1,4-/4,1-1H-([1,2,3]triazol-1-
yl)-CH>-), which could lead to reduced and ineffective solution phase intramolecular
cyclisation. On the other hand, performing the intramolecular on-resin MW-assisted
CuAAC-mediated macrocyclisation following the method reported by D'Ercole et al. [88]
yielded the anticipated macrocyclic products VII and VIIR in 15% and 40%, respectively
(Figure 12). The critical on-resin "infinite" dilution of the resin-bound linear precursor enabled
the effective CUAAC-mediated intramolecular cyclisation and yielded the expected products
[264].

Ns = z N
(ﬁ ) (¢ \7)”

HoNCHCO-Tyr(X)-lle-GIn(Y)-Asn(Y)-NHCHCO-Pro-Leu-Gly-R ~ HzNCHCO-Tyr(X)-lle-GIn(Y)-Asn(Y)-NHCHCO-Pro-Leu-Gly-R
a: CuS0,5H,0, ascorbic acid a: CusS0,5H,0, ascorbic acid
in tBuOH:H,0O at RT in tBuOH:H,0 at RT
b: CuBr, sodium ascorbate b: CuBr, sodium ascorbate
l in DMSO, DMF, DIPEA, 2,6-lutidine at 55°C \ in DMSO, DMF, DIPEA, 2,6-lutidine at 55°C

r/,/ NJ/L\? f/k/ \*1
HoNCHCO-Tyr(X)-lle-GIn(Y)-Asn(Y)-NHCHCO-Pro-Leu-Gly-R ~ H,NCHCO-Tyr(X)-lle-GIn(Y)-Asn(Y)-NHCHCO-Pro-Leu-Gly-R

Figure 12 General procedure CUAAC intramolecular macrocyclisation of (A) 1,4- or (B) 4,1-disubstituted-
(1H-[1,2,3]-triazolyl containing OT analogues carried out: (a) in solution (R = NH,) [7] or (b) by on-resin
microwave-assisted strategy (X = tBu; Y = Trt; R = Tentagel® S RAM resin) [88].

Worth to mention that the entire series of 1,4-/4,1-(disubstituted-(1H-[1,2,3]-triazolyl)-
containing OT analogues I-VI11 and IR-VIIR were purified and characterised by RP-HPLC-MS
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analysis (Table 5). Moreover, the native oxytocin was synthesised by the Fmoc/tBu SPPS

strategy and used as a reference compound in the biological assays.

Table 5 Analytical characterisation data for peptides I-VII and IR-VIIR.

Orientations Peptides permutations HPLQ ESI-I\{)IS (mf2) HPLC purity Quantity

(m+n=) (Rt, min)2 found® (calcd) (%) (mg)
oxytocin 3.53 1007.63 (1008.15) 96 5
= | (4+1=5) 3.58 1052.85 (1052.56) 95 7
;; 11 (3+2=5) 3.37 1052.86 (1052.56) 96 6
§ 111 (2+3=5) 3.42 1052.87 (1052.56) 95 2
g IV (1+4=5) 3.62 1052.86 (1052.56) 96 6
g V (2+1=3) 3.65 1024.83 (1024.62) 98 6
% VI (1+2=3) 3.38 1024.95 (1024.62) 95 4
VII (1+1=2) 3.48 1010.78 (1010.5) 98 5
IR (4+1=5) 3.58 1052.82 (1052.56) 97 5
:_.% IR (3+2=5) 3.25 1052.93 (1052.56) 96 7
_§ IR (2+3=5) 3.48 1052.88 (1052.5) 95 2
% IVR (1+4=5) 3.68 1052.74 (1052.56) 98 25
S VR (2+1=3) 3.65 1024.82 (1024.62) 96 20
‘E’ VIR (1+2=3) 3.45 1024.83(1024.62) 97 22
¥ VIIR (1+1=2) 3.55 1010.79 (1010.5) 98 15

qnalytical HPLC gradients at 1 mL-min' 10-60% B in 5 min; solvent systems: A (0.1% TFA in H:0),
B: (0.1% TFA in ACN); "Detected as [M+H]*.

5.1.2 Design of the series of MBP peptides

According to the literature, there is an immunodominant sequence in a specific region
of MBP. Ota et al. reported that the sequence of MBP(83-101) is a potential immunodominant
T-cell epitope limited to HLA-DR2b (DRB1*15:01) in MuSc [284]. Furthermore, Kim et al.
described that MBP(89-101) has two registers for binding to DR2a and DR2b [285]. Likewise,
other authors identified MBP(87-106) [286] and MBP(83-101) [287] as T-cell epitopes inside
the MBP protein.
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With this idea in mind, to cover the whole immunodominant region of MBP, it was
synthesised and  analysed the peptide @ MBP(81-106) (1). Additionally,
believing that the sensitivity of the peptide-based ELISA might be restricted when short antigen
sequences are applied, it was designed the extended sequence MBP(76-116) (2) to reach better
antigen exposition in the SP-ELISA [267]. To explain the amino acid residues mainly involved
in the B-cell epitope recognition, the whole sequence of MBP(76-116) (2) was divided into two
parts: MBP(76-96) (3) and MBP(97-116) (4). Amino- and carboxy-termini of peptides were
acetylated and amidated to remove free terminal charges, which are absent in the native protein
sequence and may interfere with antibody recognition [288]. Moreover, the shorter sequences
of MBP(81-92) (5) and MBP(99-106) (6) were synthesised to test them in competitive ELISA
[104].

All sequences of amino acid residues of a series of MBP peptides 1-6 are presented in Table
2. It should be noted that analytical characterisation data of presented peptides 1-6 are reported
in Table 6.

Table 6 Analytical characterisation data for MBP peptides 1-6.

R HPLC
Peptide Fragment grgéji:zlr?tcrit:sct)f?od gradient l;lfrll_t(; ESI-MS (m/z)
(%) (% B)? (%) found® (calcd)
0 Rt (min) 0
. ] 5-95
1 MBP(81-106) 0-60 in 25min 3.90 min >95 979.4 (979.1)°
) ) 5-60
2 MBP(76-116)* 20-60 in 25min 3.88 min >95 1151.9 (1151.5)d
. . 5-95
3 MBP(76-96)* 10-60 in 25min 210 min >95 832.7 (832.6)°
. . 5-95
4 MBP(97-116)* 20-60 in 25min 3.32 min >905 723.3 (723.2)C
. . 5-95
5 MBP(81-92) 0-60 in 25min 3.63min >95 731.4 (731.3)°
) ) 1-20P .
6 MBP(99-106) 0-10 in 10min L 55 min >95 811.6 (811.9)

Gradient times: 10min, ®5min; ESI-MS: detected as S[M+3H]%*, {[M+4H]**, ¢ [M+2H]?", IM+H]*.
*Peptide sequence was N-terminal acetylated and C-terminal amide.

75



mgr Agnieszka Natalia Staskiewicz
CONSTRAINED SECONDARY STRUCTURES TO DEVELOP BIOACTIVE PEPTIDES AND PEPTIDOMIMETICS

5.2 Biological activity of MBP peptides

5.2.1 SP-ELISA

Fifteen sera from MuSc patients were screened by synthetic MBP peptides 1-6 as antigens
in SP-ELISA. Preliminary tests were performed to set the best conditions for coating the various
peptide antigens onto the ELISA plates. Consequently, it was evaluated 1gG and IgM antibody
titres to each relevant peptide, observing a nonspecific 1gG antibody reactivity against peptide
MBP(99-106) (6) (Figure 13A). Moreover, this nonspecific 1gG antibody reactivity was also
observed against peptide MBP(81-106) (1) but to a lesser extent.
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Figure 13 Mean antibody titers to MBP peptide antigens for (A) I1gGs and (B) IgMs of MuSc patient sera.
IgM antibody responses of the MuSc serum to the coated peptides MBP(81-106) (1) and MBP(76-106) (2)
are marked in red [104].

A deeper analysis of obtained data suggested that MBP(99-106) (6) contains too short
amino acid sequence to be effectively coated and/or exposed on the ELISA plate, favouring
the nonspecific signals observed. Inconsistent peptides 2-5 did not detect 1gG-type antibodies.

On the other hand, IgM antibodies were detected in one representative patient serum
with peptide MBP(76-116) (2) and, in a lesser way, with peptide MBP(81-106) (1) (Figure
13B). Remarkably, whereas the intensity of IgMs signal is evident for peptide MBP(76-116)
(2), the peptide MBP(81-106) (1) slightly recognised IgMs and IgGs.
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This discovery can be justified by the peptide MBP(76-116) (2), which may include
an extended epitope or features an optimal exposition on the ELISA plate, not obtained
by the peptide MBP(81-106) (1), but essential to capture IgM antibodies. This remarkable result
suggests that the structures of MBP(81-106) (1) may reproduce the proper antigen presentation,
such as the one observed in the whole protein, thus enabling optimal antibody recognition
of IgM antibodies.

Furthermore, it was noted that the peptide MBP(76-116) (2) can detect a stable, high,
and reproducible IgM antibody titer. A further explanation for the low reactivity mainly
observed for both IgMs and IgGs with most of the tested samples stems from the observation
that a high percentage of patients are under immunosuppressive treatment and are not
in the primary phase of the disease. Egg et al. reported that anti-MBP IgM antibodies decrease
in patients with longer disease duration [289]. Likewise, it should be mentioned
that the recognised representative patient is not following any immunosuppressive treatment
[104].

5.2.2 Inhibition ELISA

The attention was focused on the IgM antibody response to peptide MBP(76-116) (2)
to confirm the specificity of the observed signals in a competitive SP-ELISA. To this purpose,
MBP(76-116) (2) was coated on the ELISA plate, and all the synthesised MBP peptides 1-6,
including MBP(76-116) (2) itself, were separately tested at various concentrations as inhibitors
of IgM antibody binding in the representative serum (Figure 14A).
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A IgM MBP(76-116) coated B IgM MBP protein coated
1007 - MBP(81-108) (1) 100 - MBP(76-116) (2)
= MBP(76-116) (2) ) -= MBP(97-116) (4)
-+ MBP(76-96) (3) -+ MBP(81-106) (1)
= MBP(97-118) (4) - MBP protein
§ . -+ MBP(81-92) (5) 5
3 % -=- MBP(99-106) (6) g 50
£ i ¥
- £ i
2 [ ] T b
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04
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Log(conc) Log(conc)

Figure 14 Competitive ELISA obtained coating (A) the peptide antigen MBP(76-116) (2) or (B) the MBP
protein Inhibition curve of IgMs using peptides and protein as inhibitors at different concentrations. Results
show the inhibition activity % (ordinate axis) of the reference MuSc serum for IgMs vs. antigen concentrations
on a logarithmic scale (abscissas axis). Antibody titer values were calculated as (mean Abs of serum
triplicate) - (mean Abs of blank triplicate), graphically representing the calculated mean values =+ the standard
deviation [104].

The presented results showed that peptides MBP(81-106) (1) and MBP(76-116) (2) were
able to inhibit IgM antibody binding to MBP(76-116) (2) in the analysed MuSc serum, showing
an 1Cso of (2.2 £ 0.18)-107and (8.4 = 0.24)-107, respectively. All calculated ICso values

are presented in Table 7.

Table 7 Calculated ICsg values of anti-MBP(76-116) or anti-MBP protein IgM antibodies of MuSc serum to
MBP(76-116) (2) and MBP(81-106) (1). Values are reported as a 95% confidence interval for the calculated
mean ICsg + the standard error (SEM) [104].

Coated antigen Inhibitor 1Cso0 (IgM)
MBP(81-106) (1) (2.2+0.18)-107
MBP(76-116) (2)
MBP(76-116) (2) (8.4+0.24)107
MBP(81-106) (1) (5.5+0.31)-107
MBP protein MBP(76-116) (2) (2.3 +£0.07)-107
MBP protein (7.9 +£0.34)-107
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These results confirmed that IgM antibody response to peptide MBP(76-116) (2) is
concentration-dependent and assesses the specificity of the IgM recognition, previously
observed in SP-ELISA.

Furthermore, it was performed the inhibition experiments coating the MBP protein
and using peptides MBP(81-106) (1), MBP(76-116) (2), MBP (97-116) (4),
and the MBP protein as inhibitors (Figure 14B). Results demonstrated the cross-reactivity
between peptides MBP(81-106) (1), MBP(76-116) (2) and the whole MBP protein.
The peptides could inhibit IgM antibody binding to MBP protein in the tested MuSc serum
with comparable ICso (Table 7). The greater affinity observed in the competitive experiment
with peptide MBP(81-106) (1) suggests that the elongation of the sequence featured by peptide
MBP(76-116) (2) is essential for antibody recognition in SP-ELISA and the shortened sequence
MBP(81-106) (1) is recognised more efficiently by antibodies in the solution conditions
of the competitive experiment [104].

Considering these results, it was decided to study the secondary structures of all synthetic
MBP peptides 1-6 by circular dichroism spectroscopy, described later in this doctoral

dissertation.

5.3 Conformational analysis

The three-dimensional (3D) structure of a peptide or a protein is essential to biological
activity. Pauling and Corey confirmed by X-ray crystallography of amino acids, amino acid
amides, and linear peptides that the C-N bond length in a peptide bond is shorter than a regular
single bond. The significance delocalisation confers limited double bond character onto the C-N
bond. The conformation of the peptide backbone is characterised by the three torsion angles
such as ¢ [C(=0)-N-C*-C(=0)], y [N-C*-C(=0)-N], and ® [C*-C(=0)-N-C] (Figure 15) [228].

Xaal Xaa'*!

Figure 15 Torsion angles such as ¢, y, ® and bond lengths of the amino acid Xaa' in peptides [228].
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The free rotation around the C-N amide bond is limited because of the partial double bond
character with a rotational barrier of approximately 105 kJ-mol ™. Therefore, two rotamers of the
peptide bond exist: the trans-configured peptide bond (® = 180°) and the cis-configured peptide
bond (w = 0°) (Figure 16). The former is energetically favoured by 8 kJ-mol™? and is found
in most peptides that do not contain proline. In cases where the amide group of the imino acid
proline participates in a peptide bond, the energy of the trans-configured Xaa-Pro bond
is enhanced. Subsequently, the energy difference between the trans and cis isomers reduces
[228].
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Figure 16 (A) Resonance stabilisation; (B) cis/trans isomerisation of the peptide bond; (C) cis/trans isomers of a
Xaa-Pro bond [228].

The structure of peptides or proteins plays a crucial role in their activity. For instance,
peptides are able to adopt multiple flexible conformations in solution. It is known that there are

various methods of analysing peptide configurations, for example, NMR or CD spectroscopy.

5.3.1 Structure optimisation of oxytocin and its analogues

In this PhD thesis, it was applied in silico methods such as structure optimisation to calculate
the most stable conformations of oxytocin and its analogues I-VII and IR-VIIR.
The mentioned computational technique was used to observe structural changes in studied

structures, especially distances between the atoms, dihedral angles, energy, entropy, molar heat
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capacity, or superposition. The obtained data of oxytocin and its analogues 1-V11 and IR-VIIR
are presented in Supplementary material as Table S1-S4.
It was performed and analysed two categories of data compared above. Figure 17Figure

19 shows all illustrations of obtained optimised structures.

Figure 17 Optimised structure of oxytocin.
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Figure 18 Optimised structures of analogues of oxytocin I-1V and IR-1VR.
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\l

Figure 19 Optimised structures of analogues of oxytocin V-VII and VR-VIIR.

At the beginning, acetylated oxytocin downloaded from PDB (OT(PDB)) and analogues
of oxytocin as zwitterions (Table S1-S2) were compared. Then, the native oxytocin (OT) was
compared with OT analogues as neutral structures without any charges (Table S3-S4).

Calculated values in each pair of compounds, for example, I-IR or 11-11R, are comparable.
Furthermore, the significant differences in dihedral angles and atom distances near the triazolyl
bridge are visible between OT(PDB) and analogues I-VII and IR-VIIR. This is the reason
for the dimension of the triazolyl bridge.

Additionally, the most favourable RMS values possess the peptidomimetics named I1, 111,
and IR, 11IR. Based on this knowledge, the mentioned structures are better mimetics of native
oxytocin because the RMS values are closer to 1.0. The most energy-efficient peptidomimetics
are named I, 11, 111, and IR, IVR, IIR.
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Moreover, the values of angles at the N-terminus of the peptide chain are related because
of the location of proline and leucine residues out of the loop. Glycine possesses different values
of dihedral angles because this amino acid is located at the N-termini of the peptide sequence.
It is probably incorporated in structure optimisation.

Likewise, at the beginning of structure optimisation, the calculations were performed
with acetylation of the N-terminus of the peptide chain of OT analogues. After analysis
of obtained data, it was observed that acetyl groups had blocked the rotation of the atoms
of studied compounds and demonstrated the lowest energy values.

Noteworthy, the structures with neutral charges are not flexible, and these molecules cannot
rotate. Moreover, hydrogen bonds form between some atoms of amino acid residues, especially
in the loop. The hydrogen bonds are responsible for stabilising the structures. It should be noted
that the analogues of OT, which m+n=2 or 3, such as VI, VIR, and VII, VIIR are the most
rigid among the other ones.

As presented above, the differences between calculated dihedral angles of compounds are
caused by the conformation preferences of analysed peptidomimetics. All changes in distances
between atoms or dihedral angles are directly connected with the length of the triazolyl bridge,

especially the presence of -CH. groups in the surroundings of the 1,2,3-triazoles.

5.3.2 CD spectroscopy

Circular dichroism spectroscopy is a quick, easy, and valuable technique for characterising
the secondary structures of peptides. For the UV region ranging from 180 to 240 nm a-helices,
B-sheets, and random coil motifs can be observed. Each secondary structure gives specific
signals on the CD spectra [290]. This method is based on the changes in the absorption of left-

and right-handed circularly polarised light by a chiral molecule.
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The differential absorbance (AA) is described as:
AA:AL_AR == (EL_ER)'C'Z

AL — left-handed circularly polarised light absorption
Ar — right-handed circularly polarised light absorption

2
& — molar extinction coefficients [%]
. l
C — concentration [m—o3
cm

| — path length [cm]

5.3.2.1 CD spectroscopy of analogues of oxytocin

According to the CD spectra registered in water, all analysed oxytocin analogues displayed
characteristic signals for random coil structures, especially analogues I-111 (Figure 20).
Worth to mention that analogue IV presented a tendency to form B-turn conformation,

which was also observed in native oxytocin (Figure 20).
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Figure 20 CD spectra of oxytocin and its analogues 1-1V measured in the water [264].
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Moreover, similar shapes of CD spectra, prepared in water, and comparable signals are
observed for analogues IR-1VR (Figure 21).
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Figure 21 CD spectra of oxytocin and its analogues IR-1VR measured in the water [264].

Based on the presented CD spectra, peptidomimetic IR demonstrated a tendency to form
a-helix motif because it displayed one signal at around 190 nm (r—n* transition) and two
signals at about 210 nm and 220 nm (n—n* and n—n* transitions). Peptidomimetics IR
and IR showed random coil conformations.

Moreover, native oxytocin and analogue 1VR presented B-turn structures, which were also
observed in the case of analogue IV. These peptidomimetics possessed the same amount
of -CH> groups in the surroundings of the triazolyl bridge, although they differed
in the orientation of the triazoles.

In order to obtain complete information about conformational preferences via CD
spectroscopy, the analysis of the second series of peptidomimetics V-VII (Figure 22)
and VR-VIIR (Figure 23) was prepared.
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Figure 22 CD spectra of oxytocin and its analogues V-VI1 measured in the water [264].

™\
A
0 )

. 18 205 5
S
£
Né -50000
S e QXY LOCIN
g
k=] . \{ R
>
S -100000 s \/|R
= VIR
Qw

-150000

-200000

wavelength [nm]

Figure 23 CD spectra of oxytocin and its analogues VR-VIIR measured in the water [264].
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Comparison of the analogues V and VR with VI and VIR, which had the same dimension
of the triazolyl bridge (m+n=3), nevertheless possessed another alignment of the -CH; groups
in the surrounding of the triazole (V and VR: m,n=2,1; VI and VIR: m,n=1,2), showed
that arrangement of -CH. groups demonstrated the effect on forming the secondary structures
from B-turn for peptidomimetics V and VR to random coil for analogues VI and VIR.

Furthermore, according to the presented CD spectra, the most similar structure resembling
native oxytocin is shown in analogue VII. It can be relevant with comparable quantities

of atoms in both structures.

Worth to note that all analysed peptidomimetics I-1V vs. IR-1VR and V-VII vs. VR-VIIR
were able to form related structures with the same amount of -CH> groups in the surrounding
of the triazolyl bridge though the different orientation of the triazole, e.g., VI and VIR
demonstrated random coil conformations. Peptidomimetics V and VR possessed the tendency
to present B-turn structures. Additionally, analogues VII and VIIR displayed unordered
structures in water. In this case, the orientation of the triazolyl ring did not impact

the representation of the secondary structures.

Given the circumstances, if the structure possesses fewer -CH> groups in the surrounding
triazolyl bridge, it will be more ordered and partake less flexible conformation,

affecting the above secondary structures of analysed compounds [264].

5.3.2.2 CD spectroscopy of MBP peptides
The analysis of the conformational preferences via CD experiments of peptides

MBP(81-106) (1) and MBP(76-116) (2) presents that these peptides seem to be randomly

structured in water (Figure 24).
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Figure 24 CD spectra of the peptides (A) MBP(81-106) (1) and (B) MBP(76-116) (2) measured in water at
various temperatures [104].

Furthermore, it was examined the conformational behaviour of these peptides in a mixture
of H2O:TFE (50:50, v:v), which is an established stabilising agent [291]. Besides, using
fluoroalcohol requires additional stability by eliminating the water molecules
from the surroundings of the peptides [292]. The spectra obtained in the solvent mixture
displayed two signals at 220 nm and 210 nm (n—n* and n—n* transitions) and one signal
at 190 nm (r—* transition) (Figure 25, Figure 26) that is characteristic of helical structures
[208,293-295].
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Figure 25 CD spectra of peptides MBP(81-106) (1) (blue line) and MBP(76-116) (2) (red line) measured in
(A) water and (B) mixture of H,O:TFE (50:50, v:v) at 25°C [104].

Based on these amino acid sequences, the peptides tend to form helical structures
[208,294,296]. Additionally, it may be assumed that there were no spectral differences

in secondary peptide structure at various temperatures (Figure 24, Figure 26).
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Figure 26 CD spectra of the peptides (A) MBP(81-106) (1) and (B) MBP(76-116) (2) measured in a mixture
of H,O:TFE (50:50, v:v) at various temperatures [104].

Remarkably, the peptide MBP(81-106) (1) demonstrates a higher tendency to form a helical
conformation, as compared to the longer peptide MBP(76-116) (2) (Figure 25) [271].
The elongation at the N- and C-termini of the peptide initiates the disability in forming the helix
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motif. Moreover, a different agent stabilising the o-helical structure in the peptide
MBP(81-106) (1) is the presence at the N- and C-termini of positively and negatively charged
amino acid residues able to form salt bridges [297]. Inconsistent, the peptide MBP(76-116) (2)
contains many positively charged amino acids, such as arginine residues, which can produce
a destabilised effect on helix conformation by electrostatic repulsion [298].

Additionally, it was examined the conformational preferences of peptides MBP(81-106) (1)
and MBP(76-116) (2) in PBS, which is the most applied solvent to maintain physiological pH.

Demonstrated data suggest that peptides 1 and 2 show random coil structures (Figure 27).
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Figure 27 CD spectra of peptides MBP(81-106) (1) (blue line) and MBP(76-116) (2) (red line) measured in
PBS at 25°C [104].

The presented spectra demonstrated a signal at approximately 200 nm characteristic
for unordered peptides. Nevertheless, peptide MBP(81-106) (1) demonstrates a more ordered
structure, as can be inferred by the small but essential shift at a higher wavelength
of the minimum of MBP(81-106) (1) compared to MBP(76-116) (2) [299,300].
Likewise, there were no differences in secondary structure at various temperatures for peptide
MBP(81-106) (1) (Figure 28).
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Figure 28 CD spectra of peptide MBP(81-106) (1) measured in PBS at various temperatures [104].

In contrast, raising the temperature of MBP(76-116) (2) led to a shift of the minimum
to lower wavelength and a substantial reduction of the signal intensity (Figure 29).
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Figure 29 CD spectra of peptide MBP(76-116) (2) measured in PBS at various temperatures [104].
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This result can derive from a temperature-induced peptide self-aggregation,
which is possible in B-structures with a minimum of approximately 205 nm. The incomplete
aggregation can account for the decreased ability of peptide MBP(76-116) (2) to interact
with the IgM antibodies [104].

Based on previously obtained data for peptides MBP(81-106) (1) and MBP(76-116) (2),
CD experiments were performed to define the conformational preferences of all examined MBP
peptides 1-6. Presented spectra indicated that all analysed peptides 1-6 form unordered

structures in water (Figure 30).
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Figure 30 CD spectra of peptides MBP(81-106) (1) (blue line), MBP(76-116) (2) (violet line),
MBP(76-96) (3) (yellow line), MBP(97-116) (4) (green line), MBP(81-92) (5) (orange line), and
MBP(99-106) (6) (grey line) measured in water at 25°C.

CD spectra of all examined MBP peptides 1-6 registered in an aqueous solution show
that their conformations are predominantly random coils. CD spectra of MBP peptides 3-6
measured in water at various temperatures are reported in Supplementary material
as Figure S50-S53.

Moreover, the conformational behaviour of these peptides was studied in a mixture
of H2O:TFE (50:50, v:v). The CD spectra obtained in the solution of 50% TFE presented two
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signals at 220 nm and 210 nm (n—n* and m—n* transitions) and one signal at 190 nm

(m—m* transition), especially for peptides 1-3 (Figure 31).
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Figure 31 CD spectra of peptides MBP(81-106) (1) (blue line), MBP(76-116) (2) (violet line),
MBP(76-96) (3) (yellow line), MBP(97-116) (4) (green line), MBP(81-92) (5) (orange line),
and MBP(99-106) (6) (grey line) measured in a mixture of H,O:TFE (50:50, v:v) at 25°C.

According to the literature, the presented signals are characteristic of helical structures.

Some of the studied peptides demonstrate a tendency to form helical structures, i.e.,
MBP(81-106) (1). On the other hand, the CD spectrum of MBP(76-96) (3) shows
the characteristic signals for helical conformation (Figure 32).
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Figure 32 CD spectra of the peptide MBP(76-96) (3) measured in a mixture of H,O:TFE (50:50, v:v) at
various temperatures.

The maximum at around 195 nm and the minimums corresponding to 210 nm and 220 nm
present that peptides MBP(81-106) (1) and MBP(76-116) (2) form a-helix structures. Although,
MBP(81-106) (1) has a higher tendency to form helical conformation than MBP(76-116) (2)
in 50% TFE [104]. The peptides MBP(97-116) (4), MBP(81-92) (5), and MBP(99-106) (6) can
create random coil structures in a mixture of 50% TFE (Figure 31, Figure S54-S56). Mainly,
differences in secondary peptide structure were not observed at different temperatures for
experiments carried out in the water and a mixture of H.O:TFE (50:50, v:v). The elongation
at the N- and C-termini of the peptides causes the disability in forming the helix, for example,
from MBP(76-96) (3) to MBP(76-116) (2). Worth to mention that, in the case of some peptides,
i.e., MBP(76-96) (3) at 60°C started the denaturation process because, at this temperature,
the shape of the spectrum suggested that the compound demonstrated no ordered structure

(Figure 32, bottle green line).
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Moreover, it was performed the predictions of the secondary structures based on DichroWeb
(Table 8) [295] and the calculation of the helix content of all synthetic MBP peptides 1-6
(Table 9) [271].

Table 8 Calculated secondary structures of synthetic MBP peptides 1-6 based on DichroWeb at 25°C
(solutions from the CDSSTR method, using reference dataset: 3) [295].

- Helix 1 | Helix2 | Strand1 | Strand 2 | Turns Unordered | Total
Conditions
[%6] [%] [%6] [%] [%] [%] [%]
H20 -1 6 26 16 19 32 98
MBP(81-106)
H,O:TFE
(1) 2 7 23 11 22 35 100
(1:1)
H.0 3 2 36 14 23 21 99
MBP(76-116)
H,O:TFE
(2) -1 1 24 9 25 40 98
(1:1)
H.0 16 8 21 13 18 24 100
MBP(76-96)
H,O:TFE
(3) 43 15 12 11 7 12 100
(1:1)
H20 0 3 24 15 26 31 99
MBP(97-116)
H,O:TFE
(4) -1 3 29 14 24 29 98
(1:1)
H20 -2 7 26 17 23 27 98
MBP(81-92)
H,O:TFE
(5) 0 3 25 13 25 32 98
(1:1)
H.0 6 -2 21 13 30 30 98
MBP(99-106)
H,O:TFE
(6) 0 2 27 16 24 29 98
(1:1)
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Table 9 Calculated helix content of MBP peptides 1-6 [271].

Conditions of experiments
Peptide H20 H20:TFE (1:1)
[0]222 | Helix content [%] [0]222 | Helix content [%0]
MBP(81-106) (1) | 10.1 -0.03 -71.9 0.20
MBP(76-116) (2) | 16.8 -0.05 -21.1 0.06
MBP(76-96) (3) | -21.8 0.06 -126.9 0.37
MBP(97-116) (4) | -7.8 0.02 -15.3 0.04
MBP(81-92) (5) 4.7 0.02 -12.0 0.04
MBP(99-106) (6) | -3.3 0.01 -10.8 0.04

According to the results obtained in the mentioned methods, the peptide MBP(76-96) (3)
has the highest helix content of all examined peptides. Based on these calculations, | can assume
that the rest of the analysed MBP peptides 1, 2, 4-6 form random coil structures in a water
solution.

Furthermore, the peptides 1-3 are able to create a-helical structures in a mixture of H>O:TFE
(50:50, v:v). Peptide MBP(81-92) (5) shows a tendency to form a helix structure in a solution
of 50% TFE. On the other hand, peptides 4 and 5 can demonstrate random coil structures
in these conditions.

All obtained results from predictions based on Dichroweb (Table 8) or calculations
of the helix content (Table 9) are in accordance with performed CD experiments.
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5.3.3 NMR spectroscopy

5.3.3.1 NMR studies of oxytocin and its analogues

The conformational space of oxytocin and its fourteen analogues I-VI1I and IR-VIIR was
analysed by NMR spectroscopy in water. NMR structures were generated by molecular
dynamics calculations under distance and dihedral angle restraints derived from H-'H
Rotating-Frame Overhauser Effects (ROEs) and 3Jinna coupling constants, respectively.
Figure 33 presents the conformational ensembles obtained for all peptides examined
in this study.

Moreover, a superimposition of each analogue displaying the lowest RMSD
with the structure of OT is also included in the Supplementary material (Figure S57
and Table S7) to demonstrate the degree of structural difference or similarity to OT. All tH,
13¢C, and N chemical shifts of oxytocin and its analogues I-VII and IR-VIIR at various
temperatures performed in H20:D>0 (90:10, v:v) are reported in Supplementary material
as Table S8-S22.
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Figure 33 Superimposition of the twenty lowest energy structures of OT and its analogues 1-VI1
and IR-VIIR prepared in water [264].

Firstly, OT conformation was studied at 5°C in water as a reference to validate the molecular
mechanics calculations protocol. As in the previously published NMR structure
(PDB ID: 2MGO) [262], it was confirmed that oxytocin preferentially adopts a type I B-turn
conformation in water centred on Ile3-GIn* residues. This is supported by observing
characteristic ROEs (lle® HN/GIn* HN, GIn* HN/Asn® HN, and Tyr? H¥/GIn* HN) (Table S5).

Moreover, a typical hydrogen bond between the carbonyl group of Tyr? and the HN group
of Asn® is observed in the NMR structures (Figure 33). The analysis of amide proton
temperature coefficients indicates that HN protons in Asn® and Cys® are more sequestered
from solvent than in other amino acid residues (ASHN/AT of -5.5 and -5.1 ppb/K, respectively,
in comparison with an average value of -7.5 ppb/K) (Table S6). This is in agreement
with the orientation of both HN groups towards the interior of the peptide macrocycle
in the NMR structures.

The NMR analysis of OT analogues I-VI1I and IR-VIIR reveals some similarities with OT
in H* and C* chemical shifts, with sequential HN/HN ROEs and some medium-range ROEs
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indicative of the existence of folded conformations. Interestingly, all peptides show
a deshielding of Tyr? H®, a shielding of lle® and GIn* H® protons, and a deshielding of Ile
and GIn* C* carbons (Table S5 and Figure S57).

However, differences can be observed in the ROE correlations and the amide proton
temperature coefficients, reflecting different turn propensities and stabilities. A type | B-turn
conformation centred on lle3-GIn* is observed in the NMR structures of ten analogues among
the fourteen studied (Figure 33, Table S8-S22). Some analogues also populate inverse y-turn
conformations on Asn® (111, 11IR, VIR) or a type | B-turn shifted on GIn*-Asn® (VII).
The analogue IR has a 310 helical folding with a double-turn conformation. In all structures,
the exocyclic C-terminal Pro’-Leu®-Gly®-NH, extension is highly labile, as supported by near
random coil values of the H* and C* chemical shifts (Figure S57) and negative temperature
coefficients of amide protons (Table S6). Moreover, the calculated chemical shift deviations
(CSD) for OT and its analogues are demonstrated in Figure S58.

It should be highlighted that peptidomimetics IV and IVR possess the most interesting
pharmacological properties, which are discussed below. In both analogues, the disulphide
bridge is replaced by a longer 1H-[1,2,3]triazolyl-containing bridge, where m+n=5 (m=1, n=4),
as compared with the -CH2-S-S-CH>- presented in OT and the location of the
1H-[1,2,3]triazolyl moiety in the bridge is removed by only one methylene from the N-proximal
bridgehead. The only difference between peptidomimetics IV and IVR is the
1H-[1,2,3]triazolyl orientation 1,4- vs. 4,1-, respectively. Moreover, the studied compounds
share a typical CD signature with OT, exhibiting a positive contribution around 230 nm
characteristic of turn conformations (Figure 20, Figure 21). Nevertheless, a different picture
emerges from the NMR analysis. While analogue 1VVR shows all diagnostic ROEs of a type |
B-turn centred on 1le®-GIn?, similar to OT. On the other hand, peptidomimetic 1V lacks Ile3
HN/GIn* HN and Tyr? H%GIn* HN ROE correlations (Table S5), which appear more flexible
than analogue 1VR [264].
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5.3.3.2 Comparison with the active conformation of OT in the OTR binding site

A recent publication of the structure of the oxytocin receptor OTR-OT-G-protein complex
(PDB ID: 7QVM) allows the comparison of the receptor-bound conformation of OT
to the NMR structure in an aqueous solution [300]. Even if a B-turn conformation is observed
in both structures, it is essential to note that the turn position is shifted from 1le®-GIn* in water
to Tyr?-1le? in the stabilised mutant [D***Y]OTR-OT bound conformation. In it, lle? is buried
in a hydrophobic pocket formed by side-chain residues of transmembrane helices (TMs) 11-VI
and V11, and the Tyr? penetrates deeply into a pocket lined up by TMs I, 111, VI, and VII
[301].

In addition, the cryo-electron microscopy (cryo-EM) structure of wild-type OTR in complex
with OT and G protein (PDB ID: 7RYC) also reveals that Tyr? of OT sits deep within
the receptor core alongside TM V11 and TM 11, and lle® occupies a hydrophobic pocket formed
on TM V [302]. Activation of the OTR leads to a perturbation of TM V11, resulting in partial
unfolding and the formation of a kink near the extracellular receptor side [301]. This indicates
that the predominant conformation of OT in water may not be the bioactive conformation
and that binding to OTR implies conformational selection of otherwise a weakly populated
conformer in solution and/or an induced fit conformational transition.

To get insight into the steric impact of the 1H-([1,2,3]triazolyl)-containing cyclisation
on the putative bound conformation, it was decided that peptidomimetics IV and IVR fit
the receptor-bound OT conformation. The superimposition of peptidomimetic 1R adopting
the receptor-bound conformation of OT indicates that the 1H-[1,2,3]triazol-1-yl ring
would be centred at the C* atom of Cys® in OT. Still, it will impose a steric clash between Pro’
in OT and W28 in the extracellular loop 2 (ECL2) connecting TMs IV-V (Figure 34).

Conversely, in the analogues 1V and IVR, the triazole moieties, like the disulphide bridge,
are removed only by one -CH,- from the N-proximal bridgehead and occupy the position of SY
atom in Cys! of OT, and like OT, it is facing the apolar OTR residues M3 and L3 in TM VII.
Comparing the orientations of the exocyclic C-terminal tripeptide extension in the analogue
IR with the orientation of the same tripeptides in the analogues IV and IVR reveals the latter
is closely aligned with that of OT and unlike the one in compound IR, does not experience
the steric hindrance imposed by the proximity to W&, The exocyclic C-terminal amidated
extension of OT is facing ECL2 and ECL3 of the cognate receptor and is crucial for its

activation. Nevertheless, the lack of perfect overlap of the C-terminal extension of OT
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with those of the weakly active analogues 1V and VR may account for their weak affinity
to the OTR [264].

Figure 34 Superimposition of analogues IR (yellow), IV (orange), and IVR (pink) onto OT (cyan) in the
OTR (PDB ID: 7QVM). Residues of OTR in close contact with OT ligand (distance <5 A) are marked in green.
Only the side chains of W28, M35, and L% are shown. Analogues IR, 1V, and I'VR were modelled by
constraining dihedral angles to enforce the bioactive conformation of OT. The 1H-[1,2,3]-triazolyl rings in
peptidomimetics IR, 1V, and IVVR are indicated by an arrow [264].
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5.3.3.3 NMR studies of MBP peptides

Firstly, the conformational behaviour of peptides MBP(81-106) (1) and MBP(76-116) (2)
was analysed in a DPC micelle (100 mm) by NMR spectroscopy.

Almost completed 'H NMR assignments were obtained for MBP(81-106) (1).
Unfortunately, in the case of MBP(76-116) (2), some amino acid residues could not be assigned
as a result of strong signals overlapping (Table S23-524) [104].

According to chemical shift values (Table S23-S24) and NOE interaction patterns
(Figure S59), it can be assumed that MBP(81-106) (1) and MBP(76-116) (2) possess stable
helical structures along residues 87-96, while the remaining regions did not demonstrate
diagnostic parameters of any secondary structure. It is believed that peptides 1 and 2 present
random coil conformations.

Moreover, the demonstrated results are in agreement with data reported in the literature
about a 36-residue peptide fragment of murine MBP corresponding to residues 76-111 [294].

Comparing the chemical shift values of peptides MBP(81-106) (1) and MBP (76-116) (2),
which are not drastically different, the helical structure turns out to have the same stability
regardless of the amino acid sequence length. Furthermore, the superposition of selected regions
of the NOESY spectra of two analysed peptides 1 and 2 demonstrates graphic evidence of this
result (Figure S59) [104].

Afterwards, it was performed NMR studies of peptides 1-6 in a mixture of H.0:D,0
(90:10, v:v) and TFE-d3:D20:H>0 (50:10:90, v:v:v) to confirm the synthesised structures
and for conformational analysis via molecular dynamics calculations which are mentioned
in chapter above. In some cases, the interpretation of NMR spectra of MBP peptides was
impossible due to overlapping the signals. In this context, it was decided that the structures
with the shortest peptide chains, particularly MBP(99-106) (6) and MBP(81-92) (5), were
analysed and applied in further studies.

The values of chemical shifts of analysed peptides 5 and 6 are presented in Supplementary
material as Table S25-S32.

According to chemical shift values, it was suggested that peptides MBP(81-92) (5)
and MBP(99-106) (6) present unordered conformation in both solvents. It is in accordance
with the CD experiments demonstrated above in this doctoral dissertation.
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5.3.3.4 NMR structure calculations of MBP peptides

The distance constraints contained in Supplementary material as Table S33 were applied
in molecular dynamics calculations of MBP(99-106) (6) in a mixture of TFE-d3:D,0:H.0
(50:10:90, v:v:iv).

Based on experimental data with peptide 6, one thousand structures were optimised each
time starting with a stretched compound. For the selected central structure, the structure was
refined using the refinement protocol. The obtained one thousand structures were divided into
clusters considering the positions of the main chain of atoms. Unfortunately, an attempt
at clustering based on the entire amino acid sequence, taking into account the RMSD value
at the level of 1.0 A, led to many clusters with a small number. Clustering based on the first
five amino acids of the sequence with an acceptable RMSD value allowed the definition
of a cluster containing 58.1% of the structures. For the obtained cluster, torsion angles were
analysed (Table S34). In Figure 35, there are graphical representations of the obtained

structures.

Figure 35 Graphical representation of the structures of cluster 1 obtained after refining the structure of the
MBP(99-106) (6) based on the NOESY spectrum prepared in a mixture of TFE-d3:D,0:H,0 (50:10:90, v:v:v);
left: frontal view, middle: side view, right: central structure.
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According to experimental data on MBP(99-106) (6) in a mixture of HO:D20 (90:10, v:v),
one thousand independent structures were optimised, each time starting with a stretched
structure (Table S35). The compound was refined using the refinement protocol for the selected
central structure. The obtained one thousand systems were divided into clusters studying
the positions of the main chain. Awkwardly, an attempt at clustering based on the entire amino
acid sequence, considering the RMSD value at the level of 1.0 A, led to many clusters
with a small number. Clustering based on the first six amino acid residues with an acceptable
RMSD value of 0.75 A allowed the definition of a cluster containing 16.4% of the structures.
The values of torsion angles for the obtained cluster are presented in Table S36. In Figure 36,

there are graphical representations of the found structures.

Figure 36 Graphical representation of the structures of cluster 1 obtained after refining the structure of the
MBP(99-106) (6) based on the NOESY spectrum prepared in a mixture of H,O:D,0 (90:10, v:v); left: frontal
view, middle: side view, right: central structure.

On the other hand, analysis of results obtained for peptide MBP(81-92) (5) in the mixture
of TFE-d3:D20:H>0 (50:10:90, v:v:v) suggests that the structures obtained after refinement
indicate a relatively high lability of the C-terminal fragment of the amino acid sequence.

Table S37 demonstrates the distance constraints applied in molecular dynamics calculations.
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Clustering the obtained structures based on the first eleven amino acid residues allows two
dominant structural clusters containing 23.6% and 25.9% of the structures, respectively.
The comparison of the values of torsion angles shows their magnificent similarities
in the N-terminal part of the peptide chain (Table S38-S39). Therefore, reclustering based on
the first nine amino acid residues defines one dominant structural cluster with 54.3%
of the structures (Table S40). Oppositely, the analysis of torsion angles suggests helical
conformations, including the GIn®-Asn® and Val®’-Vval® fragments. The visualisation

of the obtained structures is shown in Figure 37.

Figure 37 Graphical representation of the structures of cluster 1 obtained after refining MBP(81-92) (5)
structure based on the NOESY spectrum prepared in a mixture of TFE-d3:D,0:H,0 (50:10:90, v:v:v); left:
frontal view, middle: side view, right: central structure.

Furthermore, molecular dynamics calculations were performed for peptide MBP(81-92) (5)
in the mixture of H20:D20 (90:10, v:v) (Table S41). Based on the first eleven and the first nine
residues, structural analysis of the obtained conformations allows the identification of two
dominant structural clusters, containing 23.7% and 13% (Table S42-S43), 37.3% and 22.5%
(Table S44-S45) of the obtained corresponding structures. Nevertheless, the analysis of torsion
angles in each of the found structural clusters did not allow for identifying the dominant

secondary structure, indicating the dominant presence of unorganised structures in agqueous
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solutions. In Figure 38, there is a graphical representation of clusters 1 and 2 of peptide
MBP(81-92) (5).

Figure 38 Graphical representation of the structures of clusters 1 and 2 obtained after refining
MBP(81-92) (5) based on the NOESY spectrum prepared in a mixture of H,0:D,0 (90:10, v:v); clustering based
on 1-9 residues; left: cluster 1, right: cluster 2.

5.4 The pharmaceutical activity of analogues of oxytocin

For pharmacological characterisation of the 1H-[1,2,3]triazolyl-containing OT analogues,
I-VII and IR-VIIR, their affinity was analysed via radioligand binding assays in cell
membranes stably expressing OTR. Functional receptor Gq activation was measured utilising
the homogeneous time-resolved fluorescence (HTRF) inositol-1-phosphate (IP-1) protocol
with human OTR in stable HEK293 cell lines [262,281].

All peptidomimetics I-VII and IR-VIIR were screened in a one-point radioligand
displacement assay on OTR to identify lead compounds for in-depth pharmacological
characterisation. Analogues I, 1IR, 111, 11IR, VI, VIR, and VIIR (each at 10 uM) did not
displace the radioligand from any of the four receptors with more than 30% efficacy and were

considered as inactive.
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On the other hand, peptidomimetics IV, IVR, V, and VII displaced tritiated OT
from the OTR with greater than 50% effectiveness (Figure 39A). The most promising
compounds from the pre-screening, i.e., IV and IVR as lead pair and I, VI, VR, VII, and VII
for comparison, were measured in competitive radioligand binding experiments to determine
their affinity (Table 10). Analogues IV and I VR displaced tritiated oxytocin with a K of ~2.80
uM and 0.68 uM, respectively (Figure 39B, Table 10) [264].

Table 10 Pharmacological properties of clicked oxytocin analogues at OTR.

Ligand Affinity binding Potency/efficacy IP-1
Ki+ SEM (M) ECso+ SEM (M) Emax £ SEM (%)
oT 1.7+0.1 x 100 3.2+1.7%x108 97.4+0.8
I 9.8+ 1.1 x10° n.d. n.d.
v 2.8+1.6x10° 6.5+22x107 326+2.1
IVR 6.8+0.5 %107 1.7+0.7 x 10 19.8+5.3
\ 4.0+0.7 x10° n.d. n.d.
VR 1.2+0.1 x10° n.d. n.d.
VII 2.5+1.4x10° 2.5+03x10° 80.4+2.0
VIIR 3.1+£0.7 x10° n.d. n.d.

Presented data are from at least two independent experiments (n>2), n.d. no data.

The two lead analogues were further explored in second messenger functional assays
for potency and efficacy to activate the OTR. OTR-dependent activation of the Gq-pathway was
measured by detecting the accumulation of IP-1, a downstream metabolite of D-myo-inositol
1,4,5-trisphosphate (IP-3). Peptidomimetic 1V activated the OTR with an ECsg of 0.65 uM
Emax Of 32.6%, suggesting partial agonism. In contrast, a deficient level of receptor activation
by structure IVR was observed for concentrations up to 10 uM (Figure 39C), indicating
that it may be an inhibitor.

To investigate the mechanism of the antagonism (competitive vs. non-competitive), a Schild
regression analysis of peptidomimetic IVR was performed on the OTR. In this context,
concentration-dependent receptor activation was measured by its endogenous ligand oxytocin
alone or in several concentrations of analogue IVR (100 nM, 300 nM, 1 uM, and 3 uM).
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As expected for a competitive antagonist, it was observed a dextral shift of the oxytocin potency
without affecting the efficacy (Figure 39D,

Table 11), resulting in a linear regression slope of 1.0 + 0.12 and a pA2 value of 7.1 (~79
nM functional inhibitory affinity) (Figure 39E) [264].

Table 11 Antagonist properties of clicked oxytocin analogue IVR at OTR comparable with OT.

Ligand Potency/efficacy IP-1
ECso + SEM (M) Emax = SEM (%)
oT 2.1+0.4x10° 99.5+7.7
IVR (100 nM) 2.9+0.7x10° 96.8 £9.0
IVR (300 nM) 42+0.1 %107 1145+29
IVR (1 pM) 1.6+0.3 x 107 103.7+7.9
IVR (3 uM) 2.6+0.9x 107 106.6 £ 8.2

The presented data are from four independent experiments (n=4).
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Figure 39 Pharmacology of oxytocin analogues: (A) One-point radioligand displacement experiments;
(B) Concentration-dependent displacement of [°*H]-OT from the OTR by analogues | (n=2), 1V (n=2),

IVR (n=3), V (n=4), VR (n=2), VIl (n=4), VIIR (n=2); (C) Ligand-induced activation of the G4-pathway.
Concentration-dependent formation of IP-1 by analogues IV (n=3) and IVR (n=3); (D) Accumulation of IP-1 by
stimulation of OTR with OT in the absence or presence of 100 nM, 300 nM, 1 pM or 3 uM of IVR; (E) Schild
regression analysis of IVR at the OTR: A =ECs of OT alone, A'=ECs of OT in the presence of IVR,

B =logarithm of VR concentration [264].
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5.4.1 Stability of analogues of oxytocin in the serum of pregnant women

The stability of the serum of the partial agonist 1V and competitive antagonist VR was
evaluated to confirm the increased enzymatic stability of the studied peptidomimetics.
The serum of women was selected at the 40" week of pregnancy, containing a high
concentration of oxytocinase, a specific aminopeptidase reported to be the leading player of OT
plasma degradation [303-305]. Peptidomimetics 1V, IVR, and OT, as control, were incubated
at 37°C in a phosphate buffer at pH 7.2 and in selected serum. Their stability was evaluated
at different points (1, 3, 5, 20, 24, and 48 h) by RP-HPLC-MS (Figure 40).

100 _
—e— native OT

-= |V
- [VR

50+

Peptide %

0 8 16 24 32 40 48
Time (h)

Figure 40 Stability of OT, analogues 1V, and 1VR in woman serum at the 40" week of pregnancy
(n=2) [264].

The native OT exhibited a half-time of 24 h in the phosphate buffer. In the same conditions
and after 72 h no traces of OT were observed in RP-HPLC. In women serum at the 40" week
of pregnancy, native OT displayed a shorter half-life of 16 h, and after 48 h, it was not detectable
by analytical RP-HPLC.

Interestingly, both analogues 1V and VR exhibited more substantial stability than native
oxytocin. After incubation at 37°C in selected serum, the half-time of analogues IV and IVR
was more incredible than 48 h, demonstrating more excellent stability than the native OT.
Worth to mention that after ten days of incubation in serum both peptidomimetics 1V and IVR
were not detectable by analytical RP-HPLC [264].
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6 CONCLUSIONS

Due to the possibility of mimicking natural peptides and proteins, peptidomimetics
are considered a fascinating group of macromolecules. Structures of peptidomimetics can
preserve the capability for interactions with the biological targets and display identical in vivo
effects of the corresponding unmodified peptides.

On the other hand, peptides are compounds with reduced immunogenic activity and can
penetrate tissues and organs due to their small size. Moreover, their synthesis is relatively easy

and inexpensive.

6.1 Oxytocin and its analogues

In this doctoral dissertation, it was described structure optimisation, methods of synthesis,
conformational analysis, and pharmaceutical assays of oxytocin and its analogues. The main
object of the presented studies is to understand how the replacement
of the native -CH>-S-S-CH»- bridge (presented in oxytocin) by -(CH2)m-1,4-/4,1-1H-
([1,2,3]triazol-1-yl)-(CH2)n- (presented in analogues of oxytocin) will affect receptor
selectivity, binding affinity, the potency of signalling, metabolic and conformation stability.

In this context, fourteen cyclopeptides 1-VII and IR-VIIR were synthesised, presenting
a systematic permutation of the triazolyl moieties ring size, location, and orientation.
The clicked oxytocin analogues were obtained by replacing Cys! and Cys® at positions i and
i+5 with N*-Fmoc-w-azido-a-amino acids and N*-Fmoc-w-ynoic-a-amino acids with (CH2)nm
(n/m =1-4 or 2-3 or 1-1). The intramolecular cyclisation of the linear precursors was carried
out by solution-phase and on-resin microwave strategy.

The [1,2,3]-triazolyl-bridging approach was applied to stabilise the B-turn conformation
of oxytocin analogues. Within this framework, circular spectroscopy measurements were
performed. According to the CD spectra performed in water, almost all analysed
peptidomimetics displayed characteristic signals for random coil structures, especially
analogues I, 11, 111, VI, IR, IR, and VIR. Peptidomimetics 1V, V, IVR, and VR presented
a tendency to form PB-turn conformation, which was also observed in native oxytocin.
One of the studied structures, analogue IR, demonstrated a tendency to form helix

conformation. Additionally, analogues V11 and VIIR displayed unordered structures in water.
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Worth to note that all analysed peptidomimetics I-1V vs. IR-IVR and V-VII vs. VR-VIIR were
able to form related structures with the same amount of -CH, groups in the surrounding
of the triazolyl bridge though the different orientation of the triazole. It was also confirmed
in the molecular modelling studies because the calculated values in each pair of compounds,
for example, I-IR or I1-1IR, were comparable.

The NMR studies of oxytocin and its analogues confirmed that oxytocin preferentially
adopts a type I B-turn conformation in water centred on Ile3-GIn* residues. As in oxytocin,
atype | B-turn conformation centred on Ile®-GIn* is noted in the structures of ten analogues
among the fourteen studied, in particular IR, Il, IIR, IVR, V-VII, and VR-VIIR.
While analogue I'VR shows all diagnostic ROEs of a type I B-turn cantered on le3-GIn?, similar
to OT, compound IV lacks characteristic Ile> HN/GIn* HN and Tyr? H5/Gln* HN ROE
correlations. Likewise, analogues Ill1, IlIR, and VIR also populate inverse y-turn
conformations on Asn® or a type | B-turn shift on GIn*-Asn® in peptidomimetic VII.
Additionally, the analogue IR possesses a 310 helical folding with a double turn conformation,
which is in agreement with the characteristic signals observed in the CD spectrum.

Among all examined oxytocin analogues, peptidomimetics IV and VR possess the most
interesting pharmacological properties. Analogue IV presents characteristic features of a weak
partial agonist. On the other hand, peptidomimetic IVR is a weak competitive antagonist.
In both mentioned analogues, the disulphide bridge is replaced by a longer 1H-[1,2,3]triazol-1-
yl-containing bridge, where m=1, n=4, and m+n=5, as compared with the -CH,-S-S-CH>- in OT
and the location of the 1H-[1,2,3]triazol-1-yl moiety in the bridge is removed by only one
methylene from the N-proximal bridgehead. The only structural difference between analogues
IV and IVR is the reversed orientation of the 1H-[1,2,3]triazol-1-yl moieties in the bridges (1,4-
and 4,1-, respectively). The competitive weak antagonistic activity of structure IVR compared
to peptidomimetic 1V can be clarified with its significant conformational properties similar to
native OT. This interesting issue was established to analyse these analogues in the serum
of 40-week pregnant women. Both studied analogues, 1V and IVR, demonstrate a meaningful
increase in metabolic stability relative to OT when incubated in serum taken from pregnant
women at the 40" week.

Likewise, analogues 11, IR, 111, I1IR, VI, and VIR were inactive because they did not
displace the radioligand from OTR with more than 30% efficacy.

It was observed that analogues IV and IVR, featuring the longest bridges (m+n=5),

are the best binders to the OTR, while the analogues with shorter bridges (m+n=2 and 3),
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suchas VI, VIR, VII, and VIIR, are poor binders to oxytocin receptor. As discussed
in this PhD thesis, the length of the bridge is not always associated with the best binding
to the OTR.

6.2 Synthetic MBP peptides

It is well-known that the structure of a peptide or a protein is the essential element
of its biological activity, which was presented above. In this sense, a synthesised series of MBP
peptides 1-6 also possess a significant role in efficient IgM antibody recognition in Multiple
Sclerosis. In the serum of patients suffering from MuSc, the myelin sheath is damaged
by the autoimmune response involving autoreactive antibodies. Therefore, the characterisation
of antigens, particularly those expressed by proteins in the central nervous system, is highly
related.

To this aim, the series of synthetic MBP peptides 1-6 was evaluated in SP-ELISA.
However, my attention was focused on IgM antibodies, noted in one representative serum using
the peptides MBP(81-106) (1) and MBP(76-116) (2). The reactivity of peptides 1 and 2 is
especially relevant since the frequency of serum anti-MBP IgMs is lower in patients
with long-term disease duration. Furthermore, competitive ELISA experiments established
the specificity of the interaction and possibly high antibody affinity to these peptide sequences.

Additionally, NMR conformational analysis in DPC micelles indicates that the peptides
MBP(81-106) (1) and MBP(76-116) (2) demonstrate a stable helical conformation along
residues 87-96, while the remaining regions display unordered conformation.

The CD experiments were performed to clarify the secondary structures of a series of MBP
peptides 1-6. The CD spectra registered in water showed that most synthetic MBP peptides
form unordered structures. What is more, peptide MBP(76-96) (3) shows characteristic signals
for helical conformation in a mixture of H2O:TFE (50:50, v:v). The maximum at around 195 nm
and the minimums corresponding to 210 nm and 220 nm present that peptides
MBP(81-106) (1) and MBP(76-116) (2) form a-helix structures, although MBP(81-106) (1)
displays a slightly higher tendency than MBP(76-116) (2) in a mixture of H2O:TFE (50:50, v:v),
which may be considered the bioactive conformation of the epitope recognised by IgMs,
since the competitive ELISA experiments show a 4-fold greater affinity of IgMs for peptide 1,
as compared to peptide 2. Nevertheless, the peptide MBP(76-116) (2) seems to be much more
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suitable to be efficiently coated on the ELISA plate, correctly showing the helical epitope
to capture IgMs in SP-ELISA. At variance, the correct epitope exposition is hampered
by the flanking flexible N- and C-terminal regions when the peptide MBP(76-116) (2) was
tested in solution. Moreover, peptides 4-6 can create random coil structures in a mixture
of 50% TFE.

All obtained results from CD experiments were in agreement with predictions of secondary
structures based on DichroWeb and calculated helix content.

Moreover, it was performed the determination of the structural preferences of the analysed
peptides MBP(81-92) (5) and MBP(99-106) (6) based on molecular modelling methods using
linear simulated annealing molecular dynamics and molecular mechanics. The results suggest
that compounds 5 and 6 present unordered conformation in a mixture of H,O:D,0 (90:10, v:v).
Interestingly, the conformational analysis of peptide MBP(81-92) (5) in a mixture
of TFE-d3:D20:H,0 (50:10:90, v:v:v) indicates a relatively high lability of the C-terminal
fragment of the amino acid sequence. Moreover, comparing the values of torsion angles
demonstrates the similarities in the N-terminal fragment of the peptide chain. On the other hand,
the studies of torsion angles in peptide MBP(81-92) (5) suggest that the helical conformation is
presented, including the GIn®-Asn®® and Val®’-Val®® residues.

In conclusion, it was highlighted that the role of secondary structures in developing
peptides, mainly synthetic MBP peptides, and peptidomimetics, such as oxytocin analogues,
contain biological activities.

Worth to note that a better understanding of the structural modification of peptides
and peptidomimetics can improve knowledge of designing the compounds, especially peptides,

tailored biological and pharmacological profiles in the future.
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8 SUPPLEMENTARY MATERIAL

Supplementary material prepared as additional fragments of this doctoral dissertation,
including, for instance, spectra, tables or figures. This material is an essential fragment
of this PhD thesis. It was performed as a PDF file and saved on a CD, which can be found inside

the cover of the printed version of the doctoral dissertation.
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